iii^iii mi iiiiiin 

D EP 1 136 682 A2 



(12) EUROPEAN PATENT APPLICATION 



(43) Date of publication: 


(51) Intel. 7 : F02D 13/02, F01N 3/08, 


26.09.2001 Bulletin 2001/39 


F02D 33/02, F01L 9/04, 


(21) Application number: 01106923.4 


F02D 41/14 


(22) Date of filing: 20.03.2001 




(84) Designated Contracting States: 


• Yoeda, Keiji 


AT RF CH CY DF DK FI FR (5R GR IF IT LI L U 


Tnvnta-Qhi Airhi-kpn 471-8*571 (JP\ 


MC NL PT SE TR 


• Nishida, Hideyuki 


Designated Extension States: 


Toyota-shi, Aichi-ken, 471-8571 (JP) 


AL LT LV MK RO SI 


• Yamada, Tomomi 




Toyota-shi, Aichi-ken, 471-8571 (JP) 


(30) Priority: 21.03.2000 JP 2000078986 


• Asanuma, Takamitsu 


07.04.2000 JP 2000107101 


Toyota-shi, Aichi-ken, 471-8571 (JP) 




• Iwashita, Yoshihiro 


(71) Applicant: TOYOTA JIDOSHA KABUSHIKI 


Toyota-shi, Aichi-ken, 471-8571 (JP) 


KAISHA 


• Nakanishi, Kiyoshi 


Aichi-ken 471-8571 (JP) 


Toyota-shi, Aichi-ken, 471-8571 (JP) 


(72) Inventors: 


(74) Representative: 


• Ogiso, Makoto 


Leson, Thomas Johannes Alois, Dipl.-lng. 


Toyota-shi, Aichi-ken, 471-8571 (JP) 


Tiedtke-Buhling-Kinne & Partner GbR, 


• Katsumata, Shouji 


TBK-Patent, 


Toyota-shi, Aichi-ken, 471-8571 (JP) 


Bavariaring 4 


• Shiratani, Kazuhiko 


80336 Munchen (DE) 


Toyota-shi, Aichi-ken, 471-8571 (JP) 





(54) Internal combustion engine having variable valve control system and NOx catalyst 



Europaiscb|^Patentamt 
(19) /fH! European^pnt Office 

Office eu rope en des brevets 



CM 

< 

CM 
CO 
CO 

CO 
CO 



Q- 
LU 



(57) An apparatus is provided which includes an in- 
ternal combustion engine (1) of a lean-burn type, an 
NOx catalyst (46) disposed in an exhaust passage of 
the engine so as to remove nitrogen oxides contained 
in exhaust gas emitted from the engine, and a variable 
valve control system (30, 31, 30a, 31a) capable of 
changing the opening and closing timing and/or a lift of 
the intake valve and/or the exhaust valve for each cyl- 
inder of the engine. The variable valve control system 
is controlled so that the exhaust gas to which the NOx 
catalyst is exposed is controlled so as to be suitable for 
removing a selected gaseous component from the NOx 
catalyst when the selected gaseous component should 
be removed. A method of purifying an exhaust gas emit- 
ted from the above engine is also provided. 
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Description 
BACKGROUND OF THE INVENTION 

1 . Field of the Invention 5 

[0001] The invention relates in general to an internal 
combustion engine installed on a vehicle, such as an 
automotive vehicle, and more particularly to an internal 
combustion engine which includes a variable valve con- 10 
trol system capable of changing the opening and closing 
timing and/or a lift of each of intake and exhaust valves 
mounted in the engine. 
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2. Description of Related Art 
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[0002] Internal combustion engines installed on auto- 
mobiles have recently been desired to purify exhaust 
gases emitted from the engines of harmful gaseous 
components such as hydrocarbon (HC), carbon monox- 20 
ide (CO) and nitrogen oxides (NOx) contained therein, 
before the exhaust gases are released into the atmos- 
phere. 

[0003] In order to meet the above-indicated demand, 
a known technique provides a three-way catalyst in the 25 
exhaust passage of the internal combustion engine. The 
three-way catalyst is arranged to reduce or remove hy- 
drocarbon (HC), carbon monoxide (CO) and nitrogen 
oxides (NOx) contained in exhaust gases that have a 
predetermined air/fuel ratio equal to or close to the sto- 30 
ichiometric air/fuel ratio. For controlling the air/fuel ratio 
of the exhaust gases to which the three-way catalyst is 
exposed, the air/fuel ratio of an air-fuel mixture to be 
introduced into the engine is controlled in a feedback 
fashion, so that the exhaust gases emitted from the en- 35 
gine have the predetermined air-fuel ratio, enabling the 
three-way catalyst to purify the exhaust gases of desired 
harmful gaseous components. 

[0004] On the other hand, internal combustion en- 
gines of lean-burn type have been developed for use on *o 
automobiles, in an effort to reduce the required amount 
of consumption of the fuel by the engine. The lean-burn 
type engine is capable of burning a fuel-lean air-fuel mix- 
ture the air/fuel ratio of which is higher than the stoichi- 
ometric value. 45 
[0005] The exhaust gases to be emitted from such 
lean-burn type internal combustion engines have a rel- 
atively high air/fuel ratio, and contain a relatively small 
amount of reducing components such as hydrocarbon 
(HC), so that nitrogen oxides (NOx) contained in the ex- so 
haust gases can notbe sufficiently reduced or removed 
by the three-way catalyst alone. 

[0006] In view of the above situation, it has been pro- 
posed to use an occlusion-reduction type NOx catalyst 
disposed in the exhaust passage of the internal com- 55 
bustion engine. The occlusion-reduction type NOx cat- 
alyst is adapted to occlude or absorb nitrogen oxides 
(NOx) contained in fuel-lean exhaust gases to which the 



NOx catalyst is exposSowhen the exhaust gases have 
a fuel-lean air/fuel ratio, and to release the occluded ni- 
trogen oxides (NOx) when the exhaust gases have a 
stoichiometric or fuel-rich air/fuel ratio. The released ni- 
trogen oxides (NOx) are reduced into nitrogen (N 2 ) by 
reaction with the reducing agents or components such 
as hydrocarbon (HC) and carbon monoxide (CO) con- 
tained in the exhaust gases. 

[0007] With the NOx catalyst of the occlusion-reduc- 
tion type disposed in the exhaust passage of the lean- 
burn internal combustion engine, nitrogen oxides (NOx) 
contained in the exhaust gases are occluded or ab- 
sorbed in the NOx catalyst, when the fuel-lean exhaust 
gases are emitted as a result of combustion of a fuel- 
lean air-fuel mixture within the engine. 
[0008] When the internal combustion engine is oper- 
ated with a stoichiometric or fuel-rich air-fuel mixture 
having the stoichiometric air/fuel ratio or an air/fuel ratio 
lower than the stoichiometric value, and the exhaust 
gases emitted from the engine are stoichiometric or fuel- 
rich, the occlusion-reduction type NOx catalyst releases 
the occluded nitrogen oxides (NOx), and the released 
nitrogen oxides are reduced into nitrogen (N 2 ). 
[0009] The amount of nitrogen oxides (NOx) that can 
be occluded or stored in the occlusion-reduction type 
NOx catalyst is limited, and the capacity of the NOx cat- 
alyst to occlude nitrogen oxides (NOx) is saturated after 
a long period of operation of the engine with a fuel-lean 
air-fuel mixture, leading to a possibility of releasing the 
nitrogen oxides into the atmosphere without being re- 
duced. 

[0010] To avoid the above-indicated possibility, it has 
been practiced to perform so-called "rich spike" control 
when the NOx occlusion capacity of the occlusion-re- 
duction type NOx catalyst is saturated during the lean- 
burn operation of the engine. In the "rich spike" control, 
the mode of operation of the engine is switched from the 
lean-burn mode to the rich-burn mode so that the NOx 
catalyst is exposed to fuel-rich exhaust gases having a 
relatively low air/fuel ratio. 

[001 1] However, merely increasing the amount of fuel 
injection into the engine undesirably causes a sudden 
increase of the output torque of the engine. To prevent 
this sudden increase, the fuel injection amount must be 
increased while the amount of air to be drawn into the 
engine is reduced. Accordingly, the rich spike control re- 
quires both of the fuel injector valve and the throttle 
valve to be controlled so as to increase the fuel injection 
amount while reducing the intake air amount. 
[0012] The throttle valve is located some distance 
apart from the combustion chamber in each cylinder, 
and therefore the actual reduction of the air amount in 
the combustion chamber to a desired value requires a 
certain time after the moment at which the opening of 
the throttle valve was reduced. Thus, the switching of 
the engine operation mode from the lean-burn mode to 
the rich-bum mode requires a relatively long time due 
to a delayed control response of the throttle valve. 
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[0013] Further, the throttle valve and the fuel Injector 
valve must be controlled again after the termination of 
the rich-spike control, in order to increase the air amount 
to be drawn into the cylinder of the engine and reduce 
the fuel amount to be injected into the cylinder. Like the 5 
switching of the engine operation upon initiation of the 
rich-spike control, the switching of the engine operation 
mode from the rich-burn mode to the lean-burn mode 
requires a relatively long time due to a delayed response 
of the throttle valve after the termination of the rich-spike 10 
control. 

[0014] Thus, the rich-spike control requires a consid- 
erably long time due to the long periods of time required 
for switching the mode of operation of the engine oper- 
ation between the lean-burn and rich-burn modes upon is 
initiation and termination of the rich-spike control. This 
may cause undesired deterioration of the driveability of 
the vehicle and an unnecessary increase in the amount 
of consumption of the fuel. 

[0015] Some of the lean-burn internal combustion en- 20 
gines such as diesel engines and lean-burn gasoline en- 
gines use the above-described NOx catalyst of the oc- 
clusion-reduction type or selective reduction type or oth- 
er exhaust emission purifying device for purifying the ex- 
haust gases emitted therefrom. 25 
[0016] The selective reduction type NOx catalyst is a 
catalyst capable of reducing or decomposing nitrogen 
oxides (NOx) in an oxygen-rich atmosphere, in the pres- 
ence of hydrocarbon (HC). For this selective reduction 
type NOx catalyst to be able to reduce or remove NOx, 30 
an appropriate amount of HC component is required. 
When the selective reduction type NOx catalyst is used 
to purify exhaust gases emitted from the above-indicat- 
ed lean-burn internal combustion engines, the selective 
reduction type NOx catalyst needs to be supplied with 35 
the hydrocarbon (HC) component, since the amount of 
the HC component in the exhaust gases emitted during 
a normal lean-burn operation of the engine is extremely 
small. The supply of the HC component may be 
achieved by operating the engine with a fuel-rich or sto- 40 
ichiometric air-fuel mixture so that the exhaust gases 
emitted from the engine have the stoichiometric air/fuel 
ratio or an air/fuel ratio lower than the stoichiometric val- 
ue. 

[0017] As discussed above, the occlusion-reduction 45 
type NOx catalyst is adapted to occlude NOx when the 
emitted exhaust gases are fuel-lean, and release and 
reduce the occluded NOx when the oxygen concentra- 
tion of the exhaust gases is reduced. 
[0018] When the occlusion-reduction type NOx cata- 50 
lyst is used to purify exhaust gases to be emitted from 
the lean-burn internal combustion engines, NOx in the 
fuel-lean exhaust gases are occluded in the NOx cata- 
lyst during a normal lean-burn operation of the engine. 
The NOx cannot be occluded in the NOx catalyst after 55 
the NOx occlusion capacity of the catalyst is saturated 
as a result of the lean-burn operation of the engine for 
a long time. In this event, NOx is released into the at- 
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mosphere. To avoid IfTTs situation, it is necessary to 
cause the exhaust gases to be fuel-rich and to consid- 
erably reduce the oxygen concentration of the exhaust 
gases, at a suitable point of time before saturation of the 
NOx occlusion capacity of the NOx catalyst, in order to 
increase the amount of HC as a reducing agent, release 
the occluded NOx from the NOx catalyst and reduce the 
released NOx into N 2 . In this manner, the NOx catalyst 
may be able to recover the original NOx occlusion ca- 
pacity. 

[0019] Thus, the emission purifying device utilizing 
the lean-burn NOx catalyst requires the supply of hydro- 
carbon (HC) as the reducing agent for reducing and re- 
moving NOx, and therefore requires the exhaust gases 
to be stoichiometric or fuel-rich from time to time. JP-A- 
6-1 7225 discloses one example of a method of control- 
ling the exhaust gases to be stoichiometric or fuel-rich, 
which utilizes an auxiliary or secondary injection of fuel 
into the engine. 

[0020] The auxiliary fuel injection is a fuel injection in- 
to the engine cylinder following the primary fuel injection 
into the engine cylinder made for providing the desired 
output torque of the engine. The auxiliary fuel injection 
takes place during the expansion stroke or exhaust 
stroke. 

[0021] However, a portion of the fuel injected into the 
cylinder in the secondary fuel injection for the purpose 
of controlling the air/fuel ratio of the exhaust gases may 
be burned in the cylinder, increasing the output torque 
of the engine by a small amount, depending upon the 
operating condition of the engine, so that the vehicle 
drive force is increased with some shock, resulting in 
undesirable deterioration of the vehicle driveability. In 
this respect, it is desired to develop any suitable method 
of controlling the air/fuel ratio of the exhaust gases (or 
increasing HC as the reducing agent), other than the 
auxiliary fuel injection. 

[0022] For controlling the exhaust gases to be stoichi- 
ometric or fuel-rich, there is also known a method in 
which the air-fuel mixture introduced into the combus- 
tion chamber is controlled to have the stoichiometric air/ 
fuel ratio or an air/fuel ratio lower than the stoichiometric 
value. If the air/fuel ratio of the air-fuel mixture is imme- 
diately changed from a value higher than the stoichio- 
metric value to the stoichiometric or lower value, how- 
ever, there may be a risk of misfiring of the engine due 
to a delayed mixing of the air and the fuel into the desired 
air-fuel mixture. Accordingly, the air/fuel ratio of the air- 
fuel mixture must be sufficiently gradually changed from 
a lean level (that is higher than the stoichiometric value) 
to a rich level (that is lower than the stoichiometric val- 
ue). 

[0023] However, the gradual change of the air/fuel ra- 
tio requires a relatively long time until the desired stoi- 
chiometric or lower air/fuel ratio is reached. During this 
period of time, NOx is less likely to be reduced and re- 
moved by the selective reduction type NOx catalyst, or 
NOx releasing and reduction is less likely to be effected 
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by the occlusion-reduction typeiSOx catalyst. In either 
of these two types of NOx catalysts, the NOx reducing/ 
removing capability and the fuel economy of the engine 
are undesirably deteriorated. 

5 

SUMMARY OF THE INVENTION 

[0024] It is therefore an object of the present invention 
to recover an NOx catalyst used in an internal combus- 
tion engine of a lean-burn type capable of burning an 10 
oxygen-rich air-fuel mixture, such that the NOx catalyst 
is placed, at an early opportunity, in a state suitable for 
reducing or removing selected gaseous components in 
exhaust gases emitted from the engine while the ex- 
haust gases should be purified of the gaseous compo- 15 
nents, and such that the amount of consumption of the 
fuel by the engine is reduced. 

[0025] To accomplish the above and/or other objects, 
one aspect of the present invention provides an appa- 
ratus comprising (a) an internal combustion engine of a 20 
lean-burn type capable of burning an oxygen-rich air- 
fuel mixture, which engine includes an intake valve and 
an exhaust valve for each of a plurality of cylinders 
thereof, (b) an NOx catalyst disposed in an exhaust pas- 
sage of the internal combustion engine so as to remove 25 
nitrogen oxides contained in an exhaust gas emitted 
from the engine, (c) a variable valve control system ca- 
pable of changing the opening and closing timing and/ 
or a lift of at least one of the intake valve and the exhaust 
valve for each cylinder of the engine, and (d) a controller 30 
configured to control the variable valve control system 
to thereby control the exhaust gas to which the NOx cat- 
alyst is exposed, such that the controlled exhaust gas 
is suitable for removing a selected gaseous component 
from the NOx catalyst when the selected gaseous com- 35 
ponent should be removed. 

[0026] In the apparatus of the invention constructed 
as described above, the controller is adapted to control 
the variable valve control system so as to control the 
exhaust gases emitted from the engine, such that the 40 
controlled exhaust gases permit the NOx catalyst to be 
recovered into an optimum state for reducing or remov- 
ing the selected gaseous components in the exhaust 
gases that are emitted while the selected gaseous com- 
ponents should be removed. 45 
[0027] The valve heads of the intake and exhaust 
valves in the closed states partially define the cylinders 
(combustion chambers) of the engine, and therefore the 
opening and closing timings and the amounts of lift of 
these valves will directly affect the condition of gases 50 
within the cylinders and the condition of exhaust gases 
to be emitted from the cylinders. 
[0028] Accordingly, the exhaust gases emitted from 
the engine can be controlled in a short time by control- 
ling the variable valve control system such that the con- 55 
trolled exhaust gases permit the NOx catalyst to be re- 
covered into the state suitable for reducing or removing 
the selected components contained in the exhaust gas- 
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es. Thus, the operation^ the controller for recovering 
the NOx catalyst does not require an intolerably long 
time. 

[0029] In particular, the time required for operating the 
internal combustion engine with a rich or stoichiometric 
air/fuel ratio for the purpose of removing the selected 
gas component(s) from the NOx catalyst can be short- 
ened, and therefore the amount of fuel injected can be 
minimized, while at the same time suppressing deterio- 
ration of vehicle driveability. 

[0030] Examples of the selected components to be re- 
duced or removed from the NOx catalyst include nitro- 
gen oxides (NOx) and sulfur oxides (SOx). 
[0031] When the nitrogen oxides (NOx) are to be re- 
moved from the NOx catalyst, at least one reducing 
agent for reducing the nitrogen oxides is required. To 
this end, the controller may be adapted to control the 
variable valve control system such that the exhaust gas- 
es emitted form the internal combustion engine contain 
a large amount of reducing agent or agents. 
[0032] The amount of the reducing agents contained 
in the exhaust gases can be increased, for example, by 
operating at least one of the cylinders of the engine with 
a fuel-rich air-fuel mixture having an air/fuel ratio lower 
than the stoichiometric value, so that the exhaust gases 
are fuel-rich, having a relatively low air/fuel ratio. 
[0033] When at least one of the cylinders of the inter- 
nal combustion engine is operated with a fuel-rich air- 
fuel mixture, the controller, such as an ECU, may be 
adapted to control the variable valve control system so 
as to shorten the period of opening of the intake valve 
of each cylinder in question, for example, so that the 
quantity of the air to be drawn into the cylinder is reduced 
to lower the air/fuel ratio of the air-fuel mixture to be 
burned in the cylinder. To further increase the amount 
of the reducing agents to be contained in the exhaust 
gases, the controller controls the fuel injection valve so 
as to increase the amount of the fuel to be injected into 
the cylinder in question, as well as controlling the vari- 
able valve control system so as to shorten the period of 
opening of the intake valve. 

[0034] Although hydrocarbon (HC) is generally a typ- 
ical reducing agent for reducing nitrogen oxides (NOx), 
hydrogen (H 2 ) and carbon monoxide (CO) which have 
a higher reducing ability than hydrocarbon (HC) may al- 
so be used as the reducing agents. Hydrogen (H 2 ) is 
produced in the combustion process of the air-fuel mix- 
ture, and carbon monoxide (CO) is produced by oxidi- 
zation of hydrocarbon (HC). In view of this fact, the con- 
troller may be adapted to control the variable valve con- 
trol system such that the exhaust gases emitted from 
the engine contain a large amount of hydrogen (H 2 ) and 
carbon monoxide (CO). 

[0035] For instance, the amount of hydrogen (H 2 ) to 
be contained in the exhaust gases may be increased by 
advancing the moment of opening of the exhaust valve 
to a point of time before the moment of initiation of the 
exhaust stroke of the piston, that is, to a point of time in 
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the expansion stroke of the pislon, so that the air-fuel 
mixture being burned is expelled from the cylinder as 
part of the exhaust gases. 

[0036] The amount of carbon monoxide (CO) to be 
contained in the exhaust gases may be increased, for 5 
instance, by retarding the moment of opening of the ex- 
haust valve to a point of time after the moment of initia- 
tion of the exhaust stroke of the piston, so that the gases 
within the cylinder are sufficiently oxidized before they 
are exhausted from the cylinder. 10 
[0037] When sulfur oxides (SOx) are to be removed 
from the NOx catalyst, in particular, when SOx poisoning 
of the NOx catalyst is to be eliminated, the NOx catalyst 
need to be exposed to a hot fuel-rich atmosphere. To 
this end, the controller may be adapted to control the 15 
variable valve control system such that the exhaust gas- 
es emitted form the engine are hot and relatively fuel- 
rich. 

[0038] The temperature of the exhaust gases may be 
raised, for example, by advancing the opening timing of 20 
the exhaust valve of the cylinder in question so that the 
gases which have been just burned in the cylinder are 
discharged from the cylinder. The air/fuel ratio of the ex- 
haust gases can be reduced by shortening the period of 
opening of the intake valve, by retarding the moment of 25 
opening of the intake valve and/or advancing the mo- 
ment of closing of the intake valve, or alternatively by 
controlling the fuel injector valve so as to increase the 
amount of fuel injected into the cylinder. 
[0039] In the case where the internal combustion en- 30 
gine according to the invention is equipped with spark 
plugs, the temperature of the burned gases upon open- 
ing of the exhaust valve of the cylinder in question can 
be further raised by advancing the moment of opening 
of the exhaust valve and retarding the ignition timing of 35 
the corresponding spark plug to retard the moment of 
combustion of the air-fuel mixture. 
[0040] The NOx catalyst of the internal combustion 
engine of the invention may be, for instance, an NOx 
catalyst of an occlusion-reduction type adapted to oc- *o 
elude or absorb nitrogen oxides (NOx) contained in fuel- 
lean exhaust gases to which the NOx catalyst is ex- 
posed, and to release and reduce the occluded nitrogen 
oxides (NOx) when the exhaust gases are stoichiomet- 
ric or fuel-rich. Alternatively, the NOx catalyst may be of 45 
a selective reduction type adapted to reduce or decom- 
pose nitrogen oxides (NOx) contained in the exhaust 
gases when the exhaust gases are fuel-lean and contain 
a reducing agent or agents. 

[0041] In the internal combustion engine of the inven- so 
tion, the variable valve control system is preferably con- 
trolled so as to prevent a variation in the drive torque 
produced by the engine, while controlling the exhaust 
gases such that the controlled exhaust gases permit the 
NOx catalyst to be recovered into its optimum state for 55 
reducing or removing the selected gaseous compo- 
nents. 

[0042] In the above instance, the selected compo- 
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nents can be removecHvith a high degree of control re- 
sponse, while minimizing the drive torque variation of 
the internal combustion engine. 
[0043] Another aspect of the invention provides an 
apparatus comprising: (a) an internal combustion en- 
gine of a lean-burn type capable of burning an oxygen- 
rich air-fuel mixture, which engine includes an intake 
valve and an exhaust valve for each of a plurality of cyl- 
inders thereof, (b) an NOx catalyst disposed in an ex- 
haust passage of the internal combustion engine, (c) a 
variable valve control system capable of changing the 
opening and closing timing of the exhaust valve for said 
each cylinder of the engine, and (d) a controller config- 
ured to control the variable valve control system so as 
to placed the exhaust valve in an open position before 
a moment of initiation of an exhaust stroke of a corre- 
sponding one of the cylinders, when an exhaust gas 
emitted from the corresponding cylinder is desired to 
contain a reducing component for reducing NOx. 
[0044] Preferably, the exhaust valve is opened after 
a moment of injection of a fuel into the corresponding 
cylinder. 

[0045] By opening the exhaust valve within the period 
between the moment of the fuel injection and the mo- 
ment of initiation of the exhaust stroke, a portion of the 
fuel injected into a combustion chamber of the engine 
can be introduced into the lean-burn NOx catalyst be- 
fore that portion of the fuel has been burned within the 
combustion chamber. Since the above control is execut- 
ed immediately after the controller determines that the 
learn-burn NOx catalyst requires a reducing agent or 
agents, the purification efficiency of the catalyst can be 
improved while minimizing otherwise possible deterio- 
ration of the fuel economy. 

[0046] In the internal combustion engine including the 
variable valve control system according to the second 
aspect of the instant invention, the controller is prefera- 
bly operated to control the variable valve timing control 
mechanism such that the exhaust valve is held open 
during at least a period between the moment of the fuel 
injection and the moment of ignition of the air-fuel mix- 
ture. 

[0047] However, the exhaust valve may be opened 
prior to the moment of initiation of the fuel injection, and 
may be closed during the fuel injection. Further, the ex- 
haust valve may be opened only once or two or more 
times in one cycle of operation of the engine. 
[0048] When the internal combustion engine has a 
plurality of cylinders, the above-described control oper- 
ation to open the exhaust valve at an appropriate time 
other than during the exhaust stroke may be performed 
with respect to all of the cylinders or a selected one or 
ones of the cylinders. When the engine has a plurality 
of exhaust valves for one cylinder, the above-described 
control operation may be performed with respect to all 
of the exhaust valves of the cylinder or for only a select- 
ed one or ones of the exhaust valves. 
[0049] The variable valve control system provided in 
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the internal combustion engine according to the first or 
second aspect of this invention may include an electro- 
magnetic drive mechanism operable to generate elec- 
tromagnetic force by application of electric current 
thereto, for bidirectionally moving the exhaust valves 5 
and/or the intake valves. Alternatively, the variable valve 
control system may include a hydraulic drive mecha- 
nism operated with a pressurized fluid for bidirectional 
movements of the exhaust valves and/or the intake 
valves. *o 
[0050] In the second aspect of the present invention, 
the learn-burn NOx catalyst may be of the occlusion- 
reduction type or the selective reduction type. 
[0051] The selective reduction type of lean-burn NOx 
catalyst is interpreted to mean a catalyst adapted to re- 15 
duce or decompose NOx in exhaust gases emitted as a 
result of combustion of a fuel-lean air-fuel mixture, more 
specifically, to reduce or decompose NOx contained in 
an oxygen-rich atmosphere, in the presence of hydro- 
carbon. For instance, the lean-burn NOx catalyst may 20 
be a catalyst wherein zeolite carries ion-exchanged cop- 
per (Cu) or other transition metal, or zeolite or alumina 
carries a noble metal. 

[0052] It is to be understood that the invention is ap- 
plicable to a lean-burn internal combustion engine, such 25 
as diesel engines and lean-burn gasoline engines. 
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Fig. 1 a plan view schematically showing an ar- 
rangement of an internal combustion engine includ- 
ing a variable valve control system according to the 
invention; 35 
Fig. 2 is an elevational view in cross section sche- 
matically showing an arrangement of the internal 
combustion engine of Fig. 1: 
Fig. 3 is a cross-sectional view showing the interior 
of an electromagnetic drive mechanism for an in- <o 
take valve in the engine; 

Fig. 4 is a block diagram showing an electronic con- 
trol unit for controlling the engine; 
Fig. 5 is a flowchart illustrating a purification assist- 
ing control routine according to a first embodiment 45 
of the invention; 

Fig. 6 is a timing chart indicating the opening and 
closing timing of intake and exhaust valves in one 
example of purification assisting control according 
to a second embodiment of this invention; 50 
Fig 7 is a timing chart indicating the opening and 
closing timing of the intake and exhaust valves in 
another example of the purification assisting control 
according to the second embodiment; 
Fig. 8 is a flowchart illustrating a purification assist- 55 
ing control routine executed to effect the purification 
assisting control of Fig. 7; 

Fig. 9 is a flowchart illustrating a rich-burn cylinder 



control routine according to a third embodiment of 
this invention; 

Fig. 10 is a flowchart illustrating a purification as- 
sisting control routine according to a fourth embod- 
iment of this invention; 

Fig. 11 is an elevational view schematically showing 
an internal combustion engine including a variable 
valve control system according to a fifth embodi- 
ment of the invention; 

Fig. 12 is a view showing the interior of an electro- 
magnetic drive mechanism for an exhaust valve in 
the engine of Fig. 11; 

Fig. 13 is a block diagram showing an electronic 
control unit for controlling the engine of Fig. 11 ; 
Fig. 14 is a graph indicating different conditions of 
combustion of air-fuel mixture in relation to the en- 
gine speed and the engine load; and 
Fig. 15 is a timing chart indicating the opening and 
closing timing of intake and exhaust valves in the 
engine of Fig. 11. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0054] Referring first to Figs. 1 -5, there will first be de- 
scribed an internal combustion engine including a vari- 
able valve control system, which engine is constructed 
according to the first embodiment of the invention. 
[0055] In the schematic views of Figs. 1 and 2, the 
internal combustion engine according to the first embod- 
iment is indicated generally at 1, along with its intake 
and exhaust systems. The internal combustion engine 
1 is a four-cycle water-cooled gasoline engine having 
four cylinders 21. 

[0056] The internal combustion engine 1 includes a 
cylinder block 1b having the four cylinders 21 and cool- 
ing passages 1c, and a cylinder head 1a fixed on the 
cylinder block 1b. 

[0057] In the cylinder block 1b, a crankshaft 23 serv- 
ing as an output shaft of the engine 1 is freely rotatably 
supported. The crankshaft 23 is operatively connected, 
via a connecting rod 19, to a piston 22 which is slidably 
received in each cylinder 21. 

[0058] An upper portion of the cylinder 21 cooperates 
with the upper end face of the piston 22 and the lower 
surface of the cylinder head 1a, to define a combustion 
chamber 24. The cylinder head 1a is provided with four 
spark plugs 25 attached thereto such that each spark 
plug 25 is exposed to the combustion chamber 24 in 
each cylinder 21 . To the spark plug 25 is electrically con- 
nected an igniter 25a for applying electric current to the 
spark plug 25. 

[0059] The cylinder head 1a has two intake ports 26 
that are open at their open ends to the combustion 
chamber 24 in each cylinder 21 , and two exhaust ports 
27 that are open at their open ends to the combustion 
chamber 24. The cylinder head 1a is provided with in- 
take valves 28 for opening and closing the respective 
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open ends of the intake ports 2b^hd exhaust valves 29 
for opening and closing the respective open ends of the 
exhaust ports 27, such that the intake and exhaust 
valves 28, 29 are bidirectionally movable in their longi- 
tudinal direction. 5 
[0060] The cylinder head 1 a further incorporates elec- 
tromagnetic drive mechanisms 30 for bidirectionally 
moving the respective intake valves 28. Each electro- 
magnetic drive mechanism 30 (hereinafter referred to 
as "intake valve drive mechanism 30") is adapted to to 
generate electromagnetic force when its solenoid coil is 
energized with electric current applied thereto, as de- 
scribed below in detail. To each electromagnetic drive 
mechanism 30 is electrically connected a driver circuit 
30a (hereinafter referred to as "intake valve driver circuit 15 
30a") for applying electric current to the corresponding 
solenoid. 

[0061] The cylinder head 1a further incorporates elec- 
tromagnetic drive mechanisms 31 for bidirectionally 
moving the respective exhaust valves 29. Each electro- 20 
magnetic drive mechanism 31 (hereinafter referred to 
as "exhaust valve drive mechanism 31") is adapted to 
generate electromagnetic force when its solenoid coil is 
energized with electric current applied thereto, as de- 
scribed below in detail. To each electromagnetic drive 25 
mechanism 31 is electrically connected a driver circuit 
30a (hereinafter referred to as "exhaust valve driver cir- 
cuit 31a") for applying current to the corresponding so- 
lenoid. 

[0062] The intake valve drive mechanisms 30 and the 30 
exhaust valve drive mechanisms 31 cooperate with 
each other to provide a variable valve control system for 
controlling the opening and closing timings and the lifts 
of the intake and exhaust valves 28, 29. 
[0063] The intake valve drive mechanisms 30 and the 35 
exhaust valve drive mechanisms 31 will be described in 
greater detail. Since these intake and exhaust valve 
drive mechanisms 30 and 31 are identical in construc- 
tion with each other, only the intake valve drive mecha- 
nisms 30 will be described by way of example. 40 
[0064] Reference is now made to the cross-sectional 
view of Fig. 3 showing the intake valve drive mechanism 
30 for one of the intake valves 28. As shown in Fig. 3, 
the cylinder head 1a includes a lower head 10 fixed to 
the upper surface of the cylinder block 1 b, and an upper 45 
head 11 superposed on the lower head 10. 
[0065] The lower head 10 is formed with two intake 
ports 26 for each cylinder 21, and each intake port 26 
has a valve seat 12 at its open end exposed to the com- 
bustion chamber 24. The intake valve 28 has a valve so 
head 28a which is movable to be seated on and unseat- 
ed from the valve seat 12. 

[0066] The lower head 10 further has a through-hole 
formed therethrough, extending from the inner wall of 
each intake port 26 to the upper surface of the lower 55 
head 10. The through-hole has a circular shape in cross 
section, and a valve guide 13 in the form of a sleeve is 
partially fitted in this through-hole. The intake valve 28 
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has a stem 28b that eUIShds through the valve guide 13 
such that the intake valve 28 is bidirectionally movable 
in its longitudinal direction. 

[0067] The upper head 11 has a core mounting hole 
1 4 which is concentric with the valve guide 1 3 and which 
has a circular shape in cross section. A first core 301 
and a second core 302 are held in engagement with the 
core mounting hole 14. The core mounting hole 14 has 
a lower large-diameter portion 14b which has a relatively 
large diameter and which is located on the side of the 
lower head 1 0, and an upper small-diameter portion 14a 
which has a diameter smaller than that of the large-di- 
ameter portion 14b and which is located on the side re- 
mote from the lower head 10. 

[0068] The first and second cores 301 , 302 are annu- 
lar members formed of a soft magnetic material, and are 
almost entirely fitted in the upper small-diameter portion 
14a of the core mounting hole 14, such that the two 
cores 301 , 302 are axially spaced apart from each other 
with a spacing 303 provided therebetween. The first 
core 301 has a flange 301a at its upper end, while the 
second core 302 has a flange 302a at its lower end. The 
first core 301 is inserted into the small-diameter hole 14a 
in the downward direction for abutting contact of its 
flange 301 a with the upper surface of the upper head 1 1 
in which the small-diameter portion 14a is open, while 
the second core 302 is inserted into the small-diameter 
hole 14a in the upward direction for abutting contact of 
its flange 302a with a shoulder surface formed between 
the small-diameter and large-diameter portions 14a, 
14b. Thus, the two cores 301, 302 are positioned rela- 
tive to the upper head 11 , and the spacing 303 is located 
at a predetermined axial position within the small-diam- 
eter portion 14a. 

[0069] An upper cap 305 in the form of a sleeve is dis- 
posed on the upper head 11 and the first core 301 . The 
upper cap 305 has a flange 305a at its lower end through 
which screws 304 are inserted for fastening the upper 
cap 305 to the upper surface of the upper head 1 1 . With 
the upper cap 305 thus fixed to the upper head 11, the 
annular lower end face of the upper cap 305 is held in 
abutting contact with the radially outer portion of the up- 
per end face of the first core 301 , so that the first core 
301 is fixed to the upper head 11 . 
[0070] On the lower side of the second core 302, there 
is disposed an annular lower cap 307 which has sub- 
stantially the same outside diameter as the diameter of 
the large-diameter portion 14b of the core mounting hole 
14. Screws 308 are inserted through the lower cap 307 
for fastening the lower cap 307 to the above-indicated 
shoulder surface of the hole 14, which faces in the down- 
ward direction. The lower cap 307 thus fixed to the 
shoulder surface is held in abutting contact with the ra- 
dially outer portion of the lower end face of the second 
core 302, so that the second core 302 is fixed to the 
upper head 11. 

[0071] The first core 301 has an annular groove 
formed in its lower surface, while the second core 302 
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has an annular groove formedin its upper surface. A 
first solenoid coil 308 and a second solenoid coil 309 
are fixedly received in those annular grooves, respec- 
tively. The first and second solenoid coils 308, 309 are 
opposed to each other in the axial direction with the 5 
spacing 303 interposed therebetween. The two solenoid 
coils 308, 309 are electrically connected to the intake 
valve driver circuit 30a indicated above. 
[0072] An annular armature 311 which has a smaller 
outside diameter than the diameter of the space 303 and 10 
which is formed of a soft magnetic material is disposed 
within the spacing 303. The annular armature 311 has 
a central hole through which an armature shaft 310 ex- 
tends such that the armature 311 is fixed on this arma- 
ture shaft 31 1 . The armature shaft 31 0 has an upper por- 15 
tion extending through a central hole in the first core 301 
such that the upper end is located within the upper cap 
305, and a lower portion extending through a central 
hole in the second core 302 such that the lower end is 
located within the large-diameter portion 14b of the core 20 
mounting hole 14. Thus, the armature shaft 310 is sup- 
ported by the first and second cores 301 , 302 such that 
the armature shaft 310 is bidirectionally movable in its 
longitudinal direction. 

[0073] An upper retainer 312 in the form of a circular 25 
disc is fixed to the upper end of the armature shaft 310 
located within the upper cap 305. The upper open end 
of the upper cap 305 is closed by an adjusting screw 
plug 313 screwed therein. An upper spring 314 is pro- 
vided between the upper retainer 31 2 and the adjusting 30 
screw plug 31 3 such that a spring seat 31 5 is interposed 
between the adjusting screw plug 313 and the upper 
spring 314. With this upper spring 314, the armature 
shaft 310 and the armature 311 are biased in a direction 
toward the large-diameter portion 14b of the core 35 
mounting hole 14, that is, in the downward direction as 
seen in Figs. 2 and 3. 

[0074] On the other hand, the armature shaft 310 is 
held, at its lower end located within the large-diameter 
portion 14b, in abutting contact with the upper end of the *o 
stem 28b of the intake valve 28. A lower retainer 28c in 
the form of a circular disc is fixed to the outer circumfer- 
ential surface of the upper end portion of the stem 28b, 
and a lower spring 316 is disposed between the lower 
surface of the lower retainer 28c and the upper surface 45 
of the lower head 10. With this lower spring 316, the in- 
take valve 28 is biased in a direction that causes the 
valve head 28a to be seated on the valve seat 12, that 
is, in the upward direction as seen in Figs. 2 and 3. With 
this arrangement, the stem 28b of the intake valve 28 is 50 
held at its upper end in abutting contact with the lower 
end of the armature shaft 310, biasing the armature 
shaft 310 and the armature 311 in a direction from the 
large-diameter portion 14b toward the small-diameter 
portion 14a, that is, in the upward direction as seen in 55 
Fig. 3. 

[0075] While the first and second solenoid coils 308, 
309 of the intake valve drive mechanism 30 constructed 
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as described above aTWot energized with electric cur- 
rent supplied from the intake valve driver circuit 30a, the 
armature shaft 310 and the intake valve 28 are held in 
their predetermined neutral positions of Fig. 3 with the 
armature shaft 310 held in abutting contact with the stem 
28b, with a biasing force of the upper spring 314 acting 
on the armature shaft 310 in the downward direction, 
and with a biasing force of the lower spring 316 acting 
on the intake valve 28 in the upward direction. 
[0076] The biasing forces of the upper spring 314 and 
the lower spring 316 are determined so that the arma- 
ture 311 is located at an axially intermediate position of 
the cylindrical spacing 303, or at a position intermediate 
between the first and second cores 301 , 302, when the 
armature shaft 310 is placed at its neutral position. If the 
neutral position of the armature 311 deviates from the 
above-indicated intermediate position due to initial di- 
mensional or positional errors of the associated compo- 
nents or chronological changes of the positions of the 
components, the neutral position of the armature 311 
can be re-established by rotating the adjusting screw 
plug 313 in the appropriate direction. 
[0077] The length of the armature shaft 310 and the 
length of the stem 28b of the intake valve 28 are deter- 
mined so that the valve head 28a of the intake valve 28 
is located at a position intermediate between the fully 
open position and the fully closed position, namely, lo- 
cated at its half-open position, when the armature 311 
is placed at its neutral position. 

[0078] When the first solenoid coil 308 is energized 
with electric current supplied from the intake valve driver 
circuit 30a, an electromagnetic force is generated be- 
tween the first coil 301 and first solenoid coil 308 and 
the armature 311, such that the electromagnetic force 
acts on the armature 311 in a direction that causes the 
armature 311 to be attracted toward the first core 301. 
When the second solenoid coil 309 is energized with 
electric current, an electromagnetic force is generated 
between the second coil 302 and second solenoid coil 
309 and the armature 311, such that the electromagnet- 
ic force acts on the armature 322 in a direction that caus- 
es the armature 311 to be attracted toward the second 
core 302. Thus, by alternately energizing the first and 
second solenoid coils 308, 308 through the intake valve 
circuit 30a, the stem 28b of the intake valve 38 can be 
moved up and down with the armature 311 , to move the 
valve head 28a between the fully closed and open po- 
sitions. 

[0079] The opening and closing timings of the intake 
valve 28 can be adjusted by suitably controlling the en- 
ergization timings and the amounts of energization cur- 
rent of the first and second solenoid coils 308, 309. 
[0080] The intake valve drive mechanism 30 is pro- 
vided with a valve lift sensor 317 for detecting a dis- 
placement of the intake valve 28. The valve lift sensor 
317 includes a target 317a in the form of a circular disc 
attached to the upper surface of the upper retainer 312, 
and a gap sensing member 317b attached to the adjust- 



8 



15 



a prob( 



EP1 136 682 A2 



ing screw plug 313 such that a^probe at one end of the 
gap sensing member 371b is opposed to the target 
317a. 

[0081] In the thus constructed valve lift sensor 317, 
the target 317a is moved with the armature 311 of the 5 
intake valve driver mechanism 30, and the gap sensing 
member 317b generates an output signal indicative of 
a distance between the gap sensing member 317b and 
the target 317a. 

[0082] As described below referring to Fig. 4, an eiec- 10 
tronic control unit (ECU) 20 is provided for controlling 
the internal combustion engine 1 . The electronic control 
unit 20 includes a read-only memory (ROM) 402, which 
stores data indicative of the value of the output signal 
of the gap sensing member 31 7b when the armature 31 1 15 
is placed in the neutral position. The amount of displace- 
ment of the armature 311 and the valve head 28a of the 
intake valve 28 can be calculated on the basis of a dif- 
ference between the value of the output signal of the 
gap sensing member 317b when the armature 311 is 20 
placed in the neutral position, and the value of the output 
signal when the first or second solenoid coil 308,309 is 
energized. 

[0083] Referring back to Figs. 1 and 2, four branch 
pipes of the intake manifold 33 are connected to the cyl- 25 
inder head 1a of the internal combustion engine 1, and 
each of the branch pipes of the intake manifold 33 com- 
municates with the two intake ports 26 of each cylinder 
21. Four fuel injector valves 32 are attached to the cyl- 
inder head 1 a, at respective positions near the points of 30 
connection of the respective branch pipes of the intake 
manifold 33 to the cylinder head 1a, such that a fuel out- 
let of each fuel injector valve 32 is open to the intake 
ports 26 of the corresponding cylinder 21 . 
[0084] The intake manifold 33 is connected to a surge 35 
tank 34 provided to reduce pulsation of the intake air. 
The surge tank 34 is connected to an intake pipe 34, 
which in turn is connected to an air cleaner 36 provided 
to remove dirt and dust contained in the intake air. 
[0085] The intake pipe 34 is provided with an air flow 40 
meter 44 which generates an output signal indicative of 
a rate of flow of the intake air through the intake pipe 
35. As shown in Fig. 2, a throttle valve 39 for controlling 
the rate of flow of the intake air through the intake pipe 
35 is disposed in a portion of the intake pipe 35 which 45 
is located downstream of the air flow meter 44. 
[0086] The throttle valve 39 is provided with a throttle 
actuator 40, a throttle position sensor 41 and an accel- 
erator position sensor 43. The throttle actuator 40 in- 
cludes a stepping motor adapted to operate the throttle 50 
valve 39 such that the opening of the throttle valve 39 
changes with the magnitude of electric power applied to 
the stepping motor. The throttle position sensor 41 gen- 
erates an output signal indicative of the angle of opening 
of the throttle valve 39. The accelerator position sensor 55 
43 is mechanically connected to an accelerator pedal 
42, and generates an output signal indicative of the op- 
erating amount of the accelerator pedal 42. 
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[0087] Also, an exfiaTTst manifold 45 is connected to 
the downstream side of the cylinder head 1a of the in- 
ternal combustion engine 1 . The exhaust manifold 45 
includes four branch exhaust pipes each communicat- 
ing with the two exhaust ports 27 of each cylinder 21. 
[0088] The exhaust manifold 45 is connected to an 
emission purifying catalyst in the form of an NOx catalyst 
46, which in turn is connected to an exhaust pipe 47 that 
is connected to a downstream muffler (not shown). 
[0089] The NOx catalyst 46 is an occlusion-reduction 
type NOx catalyst having both a three-way catalytic 
function and an occlusion-and-reduction function. The 
three-way catalytic function is a function of purifying hy- 
drocarbon (HC), carbon monoxide (CO) and nitrogen 
oxides (NOx) contained in exhaust gases that are emit- 
ted from the engine 1 when the emitted exhaust gases 
are stoichiometric or almost stoichiometric, namely, 
have the stoichiometric air/fuel ratio or an air/fuel ratio 
close to the stoichiometric value. The occlusion-and-re- 
duction function is a function of occluding nitrogen ox- 
ides (NOx) contained in exhaust gases having a fuel- 
lean air/fuel ratio, and releasing the nitrogen oxides 
(NOx) occluded or absorbed in the NOx catalyst 46 
when the emitted exhaust gases have a stoichiometric 
or fuel-rich air/fuel ratio. The occlusion-and-reduction. 
function further includes a function of immediately re- 
ducing the released nitrogen oxides (NOx) into nitrogen 
(N 2 ) by reaction of the nitrogen oxides with unburned 
hydrocarbon (HC) and carbon monoxide (CO) con- 
tained in the stoichiometric or fuel-rich exhaust gases. 
[0090] For instance, the occlusion-reduction type 
NOx catalyst 46 includes (a) a substrate formed of alu- 
mina (Al 2 0 3 ), for example, and (b1 ) at least one element 
carried on the substrate and selected from alkali metals 
such as potassium (K), sodium (Na), lithium (Li) and ce- 
sium (Cs), alkali earth metals such as barium (Ba) and 
calcium (Ca), and rare earth metals such as lanthanum 
(La) and yttrium (Y), and (b2) at least one noble metal 
such as platinum (Pt) also carried on the substrate. In 
this embodiment, the NOx catalyst 46 employs barium 
(Ba) and platinum (Pt) carried on a substrate of alumina. 
[0091] When the occlusion-reduction type NOx cata- 
lyst 46 is exposed to fuel-lean exhaust gases having a 
relatively high oxygen concentration, oxygen (0 2 ) is de- 
posited on the surface of platinum (Pt), in the form of 
0 2 ~ or O 2 ". Nitrogen oxide (NO) contained in the exhaust 
gases reacts with oxygen (0 2 _ or O 2- ) on the surface of 
the platinum (Pt) to form nitrogen dioxides (N0 2 ). Name- 
ly, 2NO + 0 2 ->2N0 2 . 

[0092] Successively, nitrogen dioxide (N0 2 ) that is 
being oxidized on the platinum (Pt) is bonded with bar- 
ium oxide (BaO) to form nitric acid ion (NO3-), which in 
turn is occluded or absorbed in the occlusion-reduction 
type NOx catalyst 46. 

[0093] This occlusion of NOx in the NOx catalyst 46 
is continued while the emitted exhaust gases are kept 
fuel-lean, until the NOx occlusion or absorption capacity 
of the NOx catalyst 46 is saturated. 
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[0094] When the oxygen concentration of the exhaust 
gases to which the occlusion-reduction type NOx cata- 
lyst 46 is exposed is lowered, the amount of production 
of nitrogen dioxide (N0 2 ) is reduced, so that nitric acid 
ion (N0 3 ~) bonded to barium oxide (Ba) is released from 5 
the NOx catalyst 46 in the form of nitrogen dioxide (N0 2 ) 
and nitrogen monoxide (NO). 

[0095] When the exhaust gases are stoichiometric or 
fuel-rich, that is, when the exhaust gases contain a com- 
paratively large amount of hydrocarbon (HC) and car- 10 
bon monoxide (CO), these components (HC, CO) are 
oxidized by reaction with oxygen (0 2 ~- or O 2 *) on the 
platinum (Pt) of the NOx catalyst 46, and nitrogen diox- 
ide (N0 2 ) and nitrogen monoxide (NO) which have been 
released from the NOx catalyst 46 are reduced to nitro- 15 
gen (N 2 ) by reaction with reducing agents contained in 
the exhaust gases, i.e., by reaction with activated com- 
ponents, such as hydrocarbon (HC) and carbon monox- 
ide (CO), which have been partially oxidized by reaction 
with oxygen (0 2 - or O 2- ) on the platinum (Pt) of the NOx 20 
catalyst 46. 

[0096] That is, hydrocarbon (HC) and carbon monox- 
ide (CO) contained in the exhaust gases to which the 
NOx catalyst 46 is exposed are first oxidized by imme- 
diately reacting with oxygen (0 2 _ or O 2- ) on the platinum 25 
(Pt). After the oxygen (0 2 " or O 2 -) on the platinum (Pt) 
has been consumed, the remaining amounts of hydro- 
carbon (HC) and carbon monoxide (CO) react with ni- 
trogen oxides (NOx), namely, nitrogen dioxide (N0 2 ) 
and nitrogen monoxide (NO), so that these nitrogen ox- 30 
ides (NOx) are reduced into nitrogen (N 2 ). 
[0097] Thus, the occlusion-reduction type NOx cata- 
lyst 46 occludes or absorbs nitrogen oxides (NOx) con- 
tained in the exhaust gases while the exhaust gases are 
fuel-lean, and releases and removes the occluded nitro- 35 
gen oxides (NOx) while the exhaust gases are stoichi- 
ometric or fuel-rich. 

[0098] The exhaust manifold 45 is provided with an 
air/fuel ratio sensor 48 attached thereto. This sensor 48 
generates an output signal indicative of the air/fuel ratio *o 
of the exhaust gases flowing through the exhaust man- 
ifold 45, that is, the air/fuel ratio of the exhaust gases to 
which the occlusion-reduction type catalyst 46 is ex- 
posed. 

[0099] An NOx sensor 49 is attached to a portion of 45 
the exhaust pipe 47 that is located slightly downstream 
of the NOx catalyst 46. The NOx sensor 49 is adapted 
to generate an output signal indicative of the concentra- 
tion of nitrogen oxides (NOx) contained in the exhaust 
gases discharged from the NOx sensor 46. so 
[0100] The internal combustion engine 1 is further 
provided with a crankshaft position sensor 51 and a 
coolant temperature sensor 52. The crankshaft position 
sensor 51 includes a timing rotor 51a attached to the 
end of the crankshaft 23, and an electromagnetic pickup 55 
51b fixed to a portion of the cylinder block 1b which is 
located near the timing rotor 51a. The coolant temper- 
ature sensor 52 is fixed to the cylinder block 1b, for de- 
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tecting the temperature of a coolant flowing through 
coolant passages Ic formed through the engine 1. 
[0101] As indicated above, the operation of the inter- 
nal combustion engine 1 is controlled by the electronic 
control unit 20 (hereinafter abbreviated to "ECU 20"). To 
the ECU 20, there are connected through electric wires 
various sensors such as the above-indicated throttle po- 
sition sensor 41 , accelerator position sensor 43, air flow 
meter 44, air/fuel ratio sensor 48, NOx sensor 49, crank- 
shaft position sensor 51 , coolant temperature sensor 52 
and valve lift sensors 317. Namely, the ECU 20 receives 
the output signals of those sensors. 
[0102] To the ECU 20 are also connected through 
electric wires the above-indicated igniters 25a, intake 
valve driver circuits 30a, exhaust valve driver circuits 
31a, fuel injector valves 32 and throttle actuator 40, so 
that the ECU 20 can control these components 25a, 
30a, 31a, 32, 40 according to the output signals of the 
above-indicated sensors. 

[0103] The ECU 20 includes a bidirectional bus 400, 
and a central processing unit (CPU) 401, the above-in- 
dicated read-only memory (ROM) 402, a random-ac- 
cess memory (RAM) 403, a backup random-access 
memory (backup RAM) 404, an input port 405 and an 
output port 406, which are interconnected to each other 
through the bidirectional bus 400. The ECU 20 further 
includes an analog/digital converter (A/D converter) 407 
connected to the input port 405. 
[01 04] To the AD converter 407, there are connected 
through electric wires the sensors adapted to generate 
analog output signals, such as the throttle position sen- 
sor 41 , accelerator position sensor 43, air flow meter 44, , 
air/fuel ratio sensor 48, NOx sensor 49, coolant temper- 
ature sensor 52 and valve lift sensors 317. The A/D con- 
verter 407 converts the analog output signals of the 
above-indicated sensors into digital signals to be fed to 
the input port 405. 

[0105] To the input port 405, there are connected 
through the A/D converter 407 the sensors adapted to 
generate the analog output signals, such as the throttle 
position sensor 41, accelerator position sensor 43, air 
flow meter 44, air/fuel ratio sensor 48, NOx sensor 49, 
coolant temperature sensor 52 and valve lift sensors 
317. However, the sensors adapted to generate digital 
output signals, such as the above-indicated crankshaft 
position sensor 51, are directly connected to the input 
port 405. 

[01 06] The digital output signals received by the input 
port 405 through the A/D converter 407 or directly from 
the crankshaft position sensor 51 are fed to the CPU 
401 and RAM 403 through the bidirectional bus 400. 
[0107] The igniters 25a, intake valve driver circuits 
30a, exhaust valve driver circuits 31a, fuel injector 
valves 32 and throttle actuator 40 are connected to the 
output port 406 through electric wires. The output port 
406 receives control signals from the CPU 401 through 
the bidirectional bus 400, and applies these control sig- 
nals to the igniters 25a, intake valve driver circuits 30a, 
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exhaust valve driver circuits 31 j 
and throttle actuator 40. 

[0108] The ROM 402 stores various application pro- 
grams such as programs for executing a fuel injection 
amount control routine for determining the amount of fu- 5 
el injection into the cylinders 21, a fuel injection timing 
control routine for determining the timings of fuel injec- 
tion into the cylinders 21 , an intake valve timing control 
routine for determining the opening and closing timings 
of the intake valves 28, and an exhaust valve timing con- w 
trol routine for determining the opening and closing tim- 
ings of the exhaust valves 29. The ROM 402 also stores 
programs for executing an intake valve drive current 
control routine for determining the amounts of electric 
current to be applied from the intake valve driver circuits * 5 
30a to the solenoid coils 308, 309 of the electromagnetic 
intake valve drive mechanisms 30, an exhaust valve 
driver current control routine for determining the 
amounts of electric current to be applied from the ex- 
haust valve driver circuits 31a to the solenoid coils of 20 
the electromagnetic exhaust valve drive mechanism 31 , 
an ignition timing control routine for determining the ig- 
nition timings of the igniters 25a for the cylinders 21 , and 
a throttle valve opening control routine for determining 
the opening of the throttle valve 39. The ROM 402 fur- 25 
ther stores a control program for executing a purification 
assisting control routine for reducing or removing nitro- 
gen oxides (NOx) occluded or absorbed in the occlu- 
sion-reduction type NOx catalyst 46. 

[0109] The ROM 402 further stores various data 30 
maps, in addition to the application programs described 
above. The stored data maps include: a fuel injection 
amount control data map representative of a predeter- 
mined relationship between the operating state of the 
internal combustion engine 1 and the amount of fuel in- 35 
jection; a fuel injection timing control data map repre- 
sentative of a predetermined relationship between the 
operating state of the engine 1 and the timing of fuel 
injection; an intake valve timing control data map repre- 
sentative of a predetermined relationship between the *o 
operating state of the engine 1 and the opening and 
closing timings of the intake valves 28; an exhaust valve 
timing control data map representative of a predeter- 
mined relationship between the operating state of the 
engine 1 and the opening and closing timings of the ex- 45 
haust valves 29; a valve drive current control data map 
representative of predetermined relationships between 
the operating state of the engine 1 and the amounts of 
electric current to be applied to the electromagnetic in- 
take and exhaust valve drive mechanisms 30, 31; an 50 
ignition timing control data map representative of a pre- 
determined relationship between the operating state of 
the engine 1 and the ignition timing of each spark plug 
25; and a throttle valve opening control data map rep- 
resentative of a predetermined relationship between the 55 
operating state of the engine 1 and the opening of the 
throttle valve 39. 

[0110] The RAM 403 is provided to temporarily store 
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the output signals of Hilarious sensors, and results of 
arithmetic operations performed by the CPU 401 , such 
as the engine speed as calculated on the basis of the 
output signal of the crankshaft position sensor 51 . The 
signals and data stored in the RAM 403 are updated 
each time the ECU 20 receives the output signal of the 
crankshaft position sensor 51. 

[0111] The backup RAM 404 is a non-volatile memory 
which retains data even after the operation of the engine 
1 is stopped. The backup RAM 404 stores various data, 
such as values obtained by learning, which are associ- 
ated with various control operations. 
[0112] The CPU 401 operates according to the appli- 
cation programs stored in the ROM 402, to execute the 
various control routines such as the fuel injection control 
routine, ignition timing control routine, intake valve tim- 
ing control routine, exhaust valve timing control routine, 
throttle valve opening control routine, and purification 
assisting control routine. 

[0113] In executing the various control routines, the 
CPU 401 monitors the operating state of the internal 
combustion engine 1 , on the basis of the output signals 
of the crankshaft position sensor 51 , accelerator posi- 
tions sensor 43, and airflow meter 44. Depending upon 
the monitored operating state of the engine 1, the CPU 
401 executes the appropriate control routine or routines. 
[0114] When the CPU 401 determines that the engine 
1 is operating with a relatively low or medium load, the 
CPU 401 controls the engine 1 so as to be operated with 
an oxygen-rich air-fuel mixture having a fuel-lean air/fu- 
el ratio, by controlling the opening of the throttle valve 
39, the amount of fuel to be injected from the fuel injector 
valves 32, the opening and closing timings of the intake 
valves 28, the opening and closing timings of the ex- 
haust valves 29 and the ignition timings of the spark 
plugs 25. 

[0115] When the CPU 401 determines that the engine 
1 is operating with a relatively high load, the CPU 401 
controls the engine 1 so as to be operated with an air- 
fuel mixture having the stoichiometric ratio, by control- 
ling the throttle opening, fuel injection amount, opening 
and closing timings of the intake and exhaust valves 28, 
29 and ignition timing. 

[0116] When the engine 1 is operating with a fuel-lean 
air-fuel mixture, the exhaust gases emitted from the en- 
gine 1 are also fuel-lean, so that the nitrogen oxides 
(NOx) contained in the emitted exhaust gases are oc- 
cluded or absorbed into the NOx catalyst 46. The NOx 
occlusion capacity of the NOx catalyst 46 is saturated 
after a given period of lean-burn operation of the engine 
1 with the fuel-lean air-fuel mixture. After the saturation 
of the NOx occlusion capacity of the NOx catalyst 46, 
there is a risk that the nitrogen oxides (NOx) are re- 
leased into the atmosphere with the exhaust gases, 
without being removed or reduced or otherwise convert- 
ed. 

[01 17] To avoid the above risk, the CPU 401 initiates 
the purification assisting control routine when the NOx 
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occlusion capacity of the NOx catalyst 46 is saturated 
during the lean-burn operation of the engine 1. In the 
purification assisting control routine, the engine 1 is con- 
trolled so that the exhaust gases emitted from the en- 
gine 1 are controlled to be temporarily fuel-rich to reduce 5 
and remove the nitrogen oxides (NOx) which have been 
occluded or absorbed in the NOx catalyst 46, in order 
to recover the NOx catalyst 46 into a state suitable for 
purifying the exhaust gases. 

[0118] The purification assisting control according to 10 
the present embodiment will be now described. The pu- 
rification assisting control is performed according to the 
purification assisting control routine executed by the 
CPU 401 as illustrated in the flowchart of Fig. 5. 
[0119] The purification assisting control routine is ex- *5 
ecuted according to the control program stored in the 
ROM 402, repeatedly with a predetermined cycle time, 
for instance, each time the CPU 401 receives an output 
pulse signal from the crankshaft position sensor 51 . 
[0120] The purification assisting control routine of Fig. 20 
5 is initiated with step S501 to determine whether the 
NOx occlusion capacity of the occlusion-reduction type 
NOx catalyst 46 is saturated. 

[0121] For example, the determination in step S501 
as to whether the NOx occlusion capacity of the NOx 25 
catalyst 46 is saturated is effected by first estimating the 
amount of NOx absorbed and presently stored in the 
NOx catalyst, on the basis of the operating hysteresis 
of the internal combustion engine 1, namely, a differ- 
ence between the cumulative time of the lean-burn op- 30 
eration with a fuel-lean air-fuel mixture and that of the 
operation with an air-fuel mixture having the stoichio- 
metric air/fuel ratio, and then comparing the thus esti- 
mated amount of the stored NOx with the maximum 
amount of NOx that can be stored in the NOx catalyst 46. 35 
Alternatively, the determination in step S501 can be 
made by first estimating the amount of the stored NOx 
on the basis of a temperature of the substrate of the NOx 
catalyst 46 or on the basis of the output signal of the air/ 
fuel ratio sensor 48, and then comparing the thus esti- *o 
mated amount of the occluded NOx with the maximum 
amount of NOx that can be stored in the NOx catalyst 
46. Further alternatively, the determination in step S501 
can be made on the basis of the output signal of the NOx 
sensor 49 while the exhaust gases to which the NOx 45 
catalyst 46 is exposed have a predetermined air/fuel ra- 
tio. 

[01 22] Hereinafter, the maximum amount of NOx that 
can be absorbed and stored in the NOx catalyst 46 will 
be referred to simply as "maximum NOx occlusion 50 
amount" of the NOx catalyst 46. 

[0123] If the CPU 401 determines in step S501 that 
the NOx occlusion capacity of the NOx catalyst 46 is not 
saturated, one cycle of execution of the present purifi- 
cation assisting control routine is terminated. If the CPU 55 
401 determines in step S501 that the NOx occlusion ca- 
pacity of the NOx catalyst 46 is saturated, the control 
flow proceeds to step S502. 
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[0124] In step S5fT?Tthe CPU 401 calculates an 
amount of reducing agents required to reduce and re- 
move the entire amount of NOx presently stored in the 
NOx catalyst 46, in other words, the maximum NOx oc- 
clusion amount of the NOx catalyst 46. This amount of 
reducing agents will be referred to as "target amount of 
reducing agents". 

[0125] It is noted that since the maximum NOx occlu- 
sion amount of the NOx catalyst 46 can be determined 
by experimentation, the target amount of reducing 
agents can also be determined by experimentation and 
can therefore be stored in the ROM 402. 
[01 26] The control flow then proceeds to step S503 in 
which the CPU 401 reads from the RAM 403 the engine 
speed and the operating amount of the accelerator ped- 
al 42 represented by the output signal of the accelerator 
position sensor 43, and calculates the presently re- 
quired output torque of the engine 1 on the basis of the 
operating amount of the accelerator pedal 42 and the 
engine speed. 

[0127] Step S503 is followed by step S504 in which 
the CPU 401 calculates the maximum amount of air that 
can be drawn into each cylinder 21 (hereinafter referred 
to as "target intake air amount per cylinder") for the en- 
gine 1 to produce the required output torque calculated 
in step S503. 

[0128] It is possible to obtain by experimentation a re- 
lationship between the output torque of the engine 1 and 
the intake air amount per cylinder when the engine 1 is 
operated with a fuel-rich air-fuel mixture having a pre- 
determined air/fuel ratio (for instance, the lowest air/fuel 
ratio at which the air-fuel mixture is combustible). This 
relationship may be stored in advance in the form of a 
map. The target intake air amount per cylinder can be 
calculated on the basis of the calculated required output 
torque of the engine 1 and according to the map indicat- 
ed above. 

[0129] Then, the control flow proceeds to step S505 
in which the CPU 401 calculates a target air/fuel ratio of 
a fuel-rich air-fuel mixture to be burned in a selected sin- 
gle cylinder 21 of the engine 1, which fuel-rich air-fuel 
mixture permits the required amount of reducing agents 
calculated in step S502 to be contained in the exhaust 
gases emitted from that cylinder 21. This calculation of 
the target air/fuel ratio of the fuel-rich air-fuel mixture is 
effected on the basis of the required amount of reducing 
agents and the required intake air amount per cylinder 
calculated in step S504. 

[0130] Step S505 is followed by step S506 in which 
the CPU 401 compares the target air/fuel ratio of the 
fuel-rich air-fuel mixture calculated in step S505 with the 
lowest air/fuel ratio (the most fuel-rich air/fuel ratio) in a 
range of air/fuel ratio within which the air-fuel mixture is 
combustible in the cylinder 21 . 

[0131] If the CPU 401 determines in step S506 that 
the calculated target air/fuel ratio is equal to or higher 
than the lowest air/fuel ratio, the CPU 401 determines 
that it is possible to supply the NOx catalyst 46 with the 
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target amount of reducing agenrnT by operating the se- 
lected single cylinder only once with the fuel-rich air-fuel 
mixture having the above-indicated target air/fuel ratio. 
In this case, the control flow proceeds to step S507. 
[01 32] In step S507, the CPU 401 selects one of the 5 
cylinders 21 , and determines target opening and closing 
timings of the intake valves 28 of the selected cylinder 
21 so that the amount of intake air to be introduced into 
the selected cylinder 21 coincides with the target intake 
air amount per cylinder calculated in step S504. 10 
[0133] Then, the control flow proceeds to step S508 
in which the CPU 401 calculates a target amount of fuel 
injection by dividing the target intake air amount per cyl- 
inder by the target air/fuel ratio. 

[0134] Step S508 is followed by step S509 in which 15 
the CPU 401 determines the target ignition timing of the 
selected cylinder 21 and target opening and closing tim- 
ings of the exhaust valves 29 of that cylinder 21 so that 
the actual output torque of the engine 1 coincides with 
the required output torque of the engine 1 calculated in 20 
step S503 when the cylinder 21 in question is operated 
with the above-indicated target intake air amount per 
cylinder and the fuel-rich air/fuel mixture having the tar- 
get air/fuel ratio. 

[01 35] The control flow then proceeds to step S51 0 in 25 
which the CPU 401 controls the intake valve driver cir- 
cuit 30a, fuel injector valve 32, exhaust valve driver cir- 
cuit 31 a and igniter 25a of the selected cylinder 21 , ac- 
cording to the target opening and closing timings of the 
intake valves 28 and exhaust valves 29, target amount 30 
of fuel injection and target ignition timing, which have 
been calculated in steps S507-S509. 
[01 36] Since the valve heads 28a of the intake valves 
28 of each cylinder 21 are disposed so as to partially 
define the combustion chamber 24 when the intake 35 
valves 28 are closed, so that changing the opening and 
closing timings of the intake valves 28 will immediately 
cause a change in the actual intake air amount, without 
a significant control delay. By controlling the intake valve 
driver circuit 30a so that the actual opening and closing *o 
timings of the intake valves 28 of the selected cylinder 
21 coincide with the desired timings, the actual intake 
air amount that is drawn into the cylinder 21 is immedi- 
ately controlled to the required intake air amount per cyl- 
inder. 45 
[0137] Accordingly, the selected cylinder 21 can be 
immediately operated with the fuel-rich air-fuel mixture 
having the target air/fuel ratio, by controlling the intake 
valves 28 and the fuel injector valve 32 according to the 
target intake valve opening and closing timings and the so 
target amount of fuel injection. As a result, the exhaust 
gases emitted from the selected cylinder 21 in the ex- 
haust stroke contain an amount of reducing agents sub- 
stantially equal to the target amount calculated in step 
S502. 55 
[0138] The exhaust gases emitted from the selected 
cylinder 21 enter the NOx catalyst 46 through the ex- 
haust manifold 45, so that the nitrogen oxides (NOx) ab- 
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sorbed in the NOx caraTyst 46 are entirely reduced and 
removed with the reducing agents contained in the ex- 
haust gases. 

[0139] Thus, the entire amount of nitrogen oxides 
(NOx) absorbed in the NOx catalyst 46 is reduced and 
removed by only one rich-burn operation of only one of 
the cylinders 21 of the engine 1 with the fuel-rich air-fuel 
mixture having the target air/fuel ratio. 
[0140] If it is determined in step S506 that the target 
air/fuel ratio calculated in step S505 is lower than the 
lowest air/fuel ratio, the CPU 401 determines that only 
one rich-burn operation of only one cylinder 21 does not 
make it possible to supply the NOx catalyst 46 with the 
exhaust gases containing the required amount of reduc- 
ing agents. In this case, the control flow proceeds to step 
S511. 

[0141] In step S51 1 , the CPU 401 determines the low- 
est air/fuel ratio as an updated target air/fuel ratio of the 
air-fuel mixture. 

[0142] Step S511 is followed by step S512 in which 
the CPU 401 selects one of the cylinders 21 of the en- 
gine 1, and determines the target opening and closing 
timings of the intake valves 28 of the selected cylinder 
21 so that the actual intake air amount coincides with 
the target intake air amount per cylinder calculated in 
step S504. 

[0143] Then, the control flow proceeds to step S513 
in which the CPU 401 calculates the target amount of 
fuel injection by dividing the target intake air amount per 
cylinder calculated in step S504 by the updated target 
air/fuel ratio calculated in step S511. 
[0144] Step S513 is followed by step S514 in which 
the CPU 401 determines the target ignition timing of the 
selected cylinder 21 and the target opening and closing 
timings of the exhaust valves 29 of the cylinder 21 so 
that the actual output torque of the engine 1 coincides 
with the required output torque when the selected cylin- 
der 21 is operated with the target intake air amount per 
cylinder and the fuel-rich air-fuel mixture having the tar- 
get air/fuel ratio. 

[0145] In the next step S515, the CPU 401 controls 
the intake valve driver circuit 30a, fuel injector valve 32, 
exhaust valve driver circuit 31a and igniter 25a of the 
selected cylinder 21, according to the target opening 
and closing timings of the intake and exhaust valves 28, 
29, target amount of fuel injection and target ignition tim- 
ing. 

[0146] The control flow then proceeds to step S516 in 
which the CPU 401 calculates the amount of the reduc- 
ing agents contained in the exhaust gases which have 
been emitted from the selected cylinder 21 to the NOx 
catalyst 46, as a result of the rich-burn operation of the 
selected cylinder 21 with the target intake air amount 
and the updated target air/fuel ratio of the air-fuel mix- 
ture. The calculated amount of reducing agents will be 
referred to as "supplied amount of reducing agents". 
[0147] Step S516 is followed by step S517 in which 
the CPU 401 calculates an updated target amount of 
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reducing agents, by subtractingTHe supplied amount of 
reducing agents from the target amount of reducing 
agents initially calculated in step S502. Then, the control 
flow returns to step S505 and repeats the subsequent 
steps, with the originally determined target amount of 5 
reducing agents being replaced by the updated target 
amount obtained in step S517. 

[0148] When steps S505 and subsequent steps are 
implemented after steps S511-S517 have been imple- 
mented, two or more cylinders 21 are operated with a 10 
fuel-rich air-fuel mixture (having an air/fuel ratio smaller 
than the stoichiometric value), and the total actual 
amount of reducing agents contained in the exhaust 
gases emitted from these cylinders 21 is made equal to 
the target amount of reducing agents, i.e., the amount 15 
required to reduce the entire amount of nitrogen oxides 
(NOx) stored in the NOx catalyst 46. As a result, the ni- 
trogen oxides (NOx) which have been occluded or ab- 
sorbed in the NOx catalyst 46 can be reduced and re- 
moved during the rich-burn operations of the selected 20 
two or more cylinders 21. However, the selected same 
cylinder 21 may be operated with a fuel-rich air-fuel mix- 
ture. For instance, the selected cylinder 21 is first rich- 
burn operated in step S515, and then again rich-burn 
operated in step S510, so that the total actual amount 25 
of reducing agents contained in the exhaust gases emit- 
ted from this cylinder 21 is made equal to the target 
amount of reducing agents. 

[0149] The internal combustion engine 1 as described 
above utilizes the electromagnetic intake valve drive 30 
mechanisms 30 for controlling the opening and closing 
timings of the intake valves 28 for the respective cylin- 
ders 21 of the engine 1 , such that the amounts of intake 
air to be drawn into the respective cylinders 21 can be 
controlled independently of each other. When the nitro- 35 
gen oxides (NOx) occluded or absorbed in the occlu- 
sion-reduction type NOx catalyst 57 are to be reduced 
and removed, the purification assisting control as de- 
scribed above is implemented to operate the required 
minimum number of cylinder(s) 21 with a fuel-rich air- 40 
fuel mixture by changing the amount of intake air into 
the rich-burn operated cylinder(s) 21, so that the NOx 
catalyst 46 is supplied with exhaust gases containing 
the desired or target amount of reducing agents. 
[0150] The amount of intake air to be drawn into each 45 
cylinder 21 that is operated with a fuel-rich air-fuel mix- 
ture can be controlled to a desired value without a con- 
trol delay, by controlling the opening and closing timings 
of the corresponding intake valves 28, so that the air/ 
fuel ratio of the fuel-rich air-fuel mixture can be almost 50 
instantly controlled to the desired value. 
[0151] Accordingly, the exhaust gases to which the 
NOx catalyst 46 is exposed during the purification as- 
sisting control can be controlled to supply the NOx cat- 
alyst 46 in a short time with the reducing agents neces- 55 
sary to reduce and remove the nitrogen oxides (NOx) 
present in the NOx catalyst 46. Thus, the required length 
of rich-burn operation of the cylinder or cylinders 21 with 
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a fuel-rich air-fuel mixture can be minimized. According- 
ly, the rich-burn operation of the engine 1 does not result 
in significant deterioration of the vehicle driveability and 
the fuel economy of the engine 1 . 
[0152] Further, the present purification assisting con- 
trol is adapted to determine the target intake air amount 
and the target amount of fuel injection for the selected 
cylinder 21 such that the output torque produced by the 
selected cylinder 21 is equal to that produced by the oth- 
er cylinders 21 (which are operated with a fuel-lean air- 
fuel mixture). Accordingly, the output torque of the en- 
gine 1 as a whole does not vary when the selected cyl- 
inder 21 is rich-burn operated at the target air-fuel ratio 
while the other cylinders 21 are lean-burn operated as 
in the normal operation of the engine 1 . 
[01 53] Although the present embodiment is arranged 
to determine the target intake air amount per cylinder 
such that the output torque of the selected cylinder 21 
is equal to that of the other cylinders 21, as described 
above, the target intake air amount per cylinder may be 
determined to be equal to the maximum intake air 
amount that can be drawn into each cylinder 21 during 
one intake stroke. 

[01 54] When the maximum intake air amount is used 
as the target intake air amount per cylinder, the amount 
of exhaust gases that are emitted from each cylinder 21 
in one exhaust stroke is accordingly increased, whereby 
the amount of reducing agents contained in the exhaust 
gases emitted from each cylinder in one exhaust stroke 
is accordingly increased. In this case, therefore, it is pos- 
sible to further reduce the required time of the rich-burn 
operation of at least one cylinder 21 to reduce and re- 
move the nitrogen oxides occluded in the NOx catalyst 
46. 

[0155] When the maximum intake air amount is used 
as the target intake air amount per cylinder, however, 
the output torque produced by the selected cylinder 21 
is supposed to be considerably larger than that pro- 
duced by the other cylinders 21. In this sense, it is de- 
sirable to restrict the output torque of the selected cyl- 
inder 21, by either controlling the opening and closing 
timings of the exhaust valves 29 and/or the ignition tim- 
ing of the selected cylinder 21, or the opening and clos- 
ing timings of the exhaust valves 29 of the cylinder 21 
which is in the exhaust stroke when the selected cylinder 
21 is in the expansion stroke. 

[0156] Referring next to Figs. 6-8, there will be de- 
scribed a second embodiment of this invention as ap- 
plied to the internal combustion engine 1 of Fig. 1 pro- 
vided with the variable valve drive mechanisms 30, 31. 
The second embodiment is different from the first em- 
bodiment, only in the purification assisting control per- 
formed by the ECU 20. 

[0157] The first embodiment of Figs. 1-5 is arranged 
to initiate a rich-burn operation of at least one cylinder 
21 with a fuel-rich air-fuel mixture when the NOx occlu- 
sion capacity of the NOx catalyst 46 is saturated during 
the normal operation of the cylinders 21 of the engine 1 
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with a fuel-lean air-fuel mixture, so that the exhaust gas- 
es emitted from the rich-burn operated cylinder 21 are 
temporarily made fuel-rich and contain reducing agents 
necessary to reduce and remove the nitrogen oxides 
(NOx) occluded in the NOx catalyst 46. On the other 5 
hand, the second embodiment is arranged to always ef- 
fect rich-burn operation of at least one of the cylinders 
21 while the other cylinders 21 are lean-burn operated. 
[0158] In the following specific examples of the sec- 
ond embodiment, only one cylinder 21 is rich-burn op- w 
erated while the other three cylinders 21 are lean-burn 
operated. Described more precisely, the three cylinders 
21 are successively operated with a fuel-lean air-fuel 
mixture, and then the remaining one cylinder 21 is op- 
erated with a fuel-rich air-fuel mixture, so that fuel-lean 15 
exhaust gases are successively emitted from the lean- 
burn operated cylinders 21, and then fuel-rich exhaust 
gases are emitted from the rich-burn operated cylinder 
21. 

[0159] Accordingly, the occlusion-reduction type NOx 20 
catalyst 46 occludes or absorbs nitrogen oxides (NOx) 
contained in the exhaust gases emitted from the lean- 
burn operated cylinders 21 , and the occluded nitrogen 
oxides are reduced and released by reducing agents 
contained in the exhaust gases emitted from the rich- 25 
burn operated cylinder 21 . In this manner, the occlusion 
and reduction of the nitrogen oxides are repeated during 
the operation of the engine 1 . 

[0160] In the rich-burn operation of the selected cyl- 
inder 21 , the air/fuel ratio and the amount of the fuel-rich 30 
exhaust gases emitted from the rich-burn operated cyl- 
inder 21 in each exhaust stroke are optimized to reduce 
and remove the entire amount of the nitrogen oxides 
(NOx) occluded in the NOx catalyst 46 during the lean- 
burn operations of the three cylinders 21, namely, the 35 
entire amount of the nitrogen oxides contained in the 
exhaust gases emitted from the three lean-burn operat- 
ed cylinders 21. 

[0161] It is noted that the combustion pressure gen- 
erated upon combustion of a fuel-rich air-fuel mixture in 40 
the rich-burn operated cylinder 21 is higher than that up- 
on combustion of a fuel-lean air-fuel mixture in the lean- 
burn operated cylinders 21. If the combustion pressure 
as generated in the rich-bum operated cylinder 21 acted 
on the crankshaft 23 to produce a torque, the engine 1 45 
would suffer from an undesirable variation in the output 
torque when the combustion occur successively in the 
four cylinders 21. 

[01 62] In view of the above situation, the CPU 401 of 
the ECU 20 operated according to this second embod- so 
iment controls the opening and closing timings of the 
exhaust valves 29 of the cylinder 21 which is in the ex- 
haust stroke when the rich-burn operated cylinder 21 is 
in the expansion stroke. Alternatively, the CPU 401 con- 
trols the opening and closing timings of the exhaust 55 
valves 29 of the rich-burn operated cylinder 2 1 . With this 
control performed, the output torque of the rich-burn op- 
erated cylinder 21 is reduced to be substantially equal 
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to that of the lean-burTroperated cylinders 21. 
[0163] In the example of Fig. 6, the #4 cylinder 21 is 
selected as the rich-burn operated cylinder 21 , and the 
#1 , #2 and #3 cylinders 21 are lean-burn operated. The 
CPU 401 controls the exhaust valve drive mechanism 
31 of the #3 cylinder 21 which is in the exhaust stroke 
when the #4 cylinder 21 is in the expansion stroke, such 
that the exhaust valves 29 of the #3 cylinder are opened 
after the moment of initiation of the exhaust stroke, that 
is, the moment of opening of that exhaust vales 29 is 
retarded with respect to the normal valve opening tim- 
ing. 

[0164] In the example of Fig. 6, the burned gases in 
the lean-burn operated #3 cylinder 21 are kept com- 
pressed during a period between the moment of initia- 
tion of the exhaust stroke (with its piston 22 at its bottom 
dead center) and the retarded moment of opening of the 
exhaust valves 29, so that a portion of the output torque 
produced by the rich-burn operated #4 cylinder 21 is 
consumed by the #3 cylinder 21 to compress the burned 
gases therein after the exhaust stroke is initiated, 
whereby the effective output torque of the #4 cylinder 
21 is reduced. 

[0165] In the example of Fig. 7, too, the #4 cylinder 
21 is selected as the rich-burned operated cylinder 21, 
and the #1 through #3 cylinders 21 are lean-burn oper- 
ated. However, the exhaust valves 29 of the rich-burn 
operated #4 cylinder 21 are opened in the process of 
the expansion stroke, namely, the moment of opening 
of those exhaust valves 29 is advanced with respect to 
the normal valve opening timing, 
[0166] In the example of Fig. 7, the exhaustion of the 
burned gases from the rich-burned operated #4 cylinder 
21 is initiated in the expansion stroke, so that the pres- 
sure acting on the piston 22 in that #4 cylinder is reduced 
in the expansion stroke, whereby only a portion of the 
combustion pressure in the #4 cylinder 21 is converted 
into the output torque of the crankshaft 23. 
[0167] The purification assisting control in the exam- 
ple of Fig. 7 will be described in detail, by reference to 
the flowchart of Fig. 8 which illustrates a purification as- 
sisting control routine executed by the CPU 401 accord- 
ing to the control program stored in the ROM 402. This 
routine is repeatedly executed by the CPU 401 with a 
predetermined cycle time, for instance, each time the 
crankshaft23 is rotated over an angle of 720°. 
[01 68] The purification assisting control routine of Fig. 
8 is initiated with step S801 to read from the RAM 403 
various kinds of data such as the engine speed and the 
operating amount of the accelerator pedal 42 as repre- 
sented by the output signal of the accelerator position 
sensor 43. Then, the control flow proceeds to step S802 
in which the CPU 401 determines the operating condi- 
tion of the engine 1 on the basis of the engine speed 
and the operating amount of the accelerator pedal 42. 
[0169] Step S802 is followed by step S803 in which 
the CPU 401 determines whether the engine 1 is in a 
lean-burn state. This determination is made on the basis 
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of the determination of the operating state of the engine 
1 in step S802. 

[0170] If a negative decision (NO) is obtained in step 
S803, one cycle of execution of the present routine is 
terminated. If an affirmative decision (YES) is obtained 5 
in step S803, the control flow goes to step S804. 
[0171] In step S804, the CPU 401 calculates the pres- 
ently required output torque of the engine 1 , on the basis 
of the engine speed and the operating amount of the 
accelerator pedal 42 which were read in step S801 . The 10 
required engine output torque may be determined ac- 
cording to a predetermined relationship between the en- 
gine speed and operating amount of the accelerator 
pedal 42 and the required engine output torque. This 
relationship is obtained by experimentation, and a data <5 
map representing this relationship is stored in the ROM 
402. 

[01 72] The control flow then proceeds to step S805 in 
which the CPU 401 calculates a required output torque 
of each cylinder 21 , on the basis of the required output 20 
torque of the engine 1 calculated in step S804. This re- 
quired output torque of each cylinder 21 will be referred 
to as "required output torque per cylinder". Step S803 
described above may follow this step S805. 
[0173] Step S805 is followed by step S806 in which 25 
the CPU 401 determines a target air/fuel ratio of an air- 
fuel mixture to be burned in each lean-burn operated 
cylinder 21 and a target amount of intake air to be drawn 
into each lean-burn operated cylinder 21 (hereinafter re- 
ferred to as "target intake air amount per cylinder"), so 30 
that the actual output torque produced by each lean- 
burn operated cylinder 21 coincides with the required 
output torque per cylinder and so that the amount of fuel 
injection into each lean-burn operated cylinder 21 is 
minimized. 35 
[0174] The control flow then proceeds to step S807 in 
which the CPU 401 determines target opening and clos- 
ing timings of the intake valves 28 and target opening 
and closing timings of the exhaust valves 29 of each 
lean-burn operated cylinder 21 , according to the target 40 
air/fuel ratio and the target intake air amount per cylinder 
which were calculated in step S806. In step S807, the 
CPU 401 further operates to calculate the target fuel in- 
jection amount of each lean-burn operated cylinder 21 
by dividing the target intake air amount per cylinder by 45 
the target air/fuel ratio. 

[0175] In the next step S808, the CPU 401 first esti- 
mates an amount of nitrogen oxides (NOx) that are emit- 
ted from each lean-burn operated cylinder 21 when the 
cylinder 21 is operated with a fuel-lean air-fuel mixture 50 
that satisfies the target air-fuel ratio and the target intake 
air amount per cylinder. Then, the CPU 401 calculates 
the total amount of nitrogen oxides emitted from all of 
the three lean-burn operated cylinders 21 , by multiplying 
the estimated amount by three. 55 
[01 76] The control flow then proceeds to step S809 to 
calculate an amount of reducing agents required to re- 
duce the total amount of nitrogen oxides calculated in 
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step S808. 

[0177] Then, the control flow proceeds to step S810 
in which the CPU 401 first calculates the lowest air/fuel 
ratio of an air-fuel mixture that is combustible in the rich- 
burn operated cylinder 21 . This lowest air/fuel ration will 
be referred to as "target air/fuel ratio of the rich-burn op- 
erated cylinder 21". Then, the CPU 401 calculates an 
amount of reducing agents to be contained in unit vol- 
ume of exhaust gases emitted as a result of combustion 
of the air-fuel mixture having the target air/fuel ratio, and 
calculates the amount of exhaust gases to be emitted 
from the rich-burn operated cylinder 21 , in other words, 
the required amount of intake air to be drawn into the 
rich-burn operated cylinder 21, by dividing the above- 
indicated target amount of reducing agents by the cal- 
culated amount of reducing agents. The above-indicat- 
ed required amount of intake air into the rich-burn oper- 
ated cylinder 21 will be referred to as "target intake air 
amount of the rich-burn operated cylinder". 
[0178] Step S810 is followed by step S811 to deter- 
mine target opening and closing timings of the intake 
valves 28 of the rich-burn operated cylinder 21 on the 
basis of the target intake air amount of the rich-burn op- 
erated cylinder 21 calculated in step S81 0, and then cal- 
culates a target amount of fuel injected into the rich-burn 
operated cylinder 21, by dividing the target intake air 
amount of the rich-burn operated cylinder 21 by the tar- 
get air/fuel ratio of the rich-burn operated cylinder 21 . 
[0179] Step S811 is followed by step S812 in which 
the CPU 401 estimates an output torque produced by 
the rich-burn operated cylinder 21 when this cylinder 21 
is operated with an air-fuel mixture which satisfies the 
target air/fuel ratio and the target intake air amount of 
the rich-burn operated cylinder 21 , which were calculat- 
ed in step S810. 

[0180] The control flow then proceeds to step S813 in 
which the CPU 401 determines target opening and clos- 
ing timings of the exhaust valves 29 of the rich-burn op- 
erated cylinder 21 so that the output torque estimated 
in step S812 is reduced to the required output torque 
calculated in step S805. 

[0181] In the next step S814, the CPU 401 controls 
the intake vale driver circuits 30a, exhaust valve driver 
circuits 31a and fuel injector valves 32 of the lean-burn 
operated cylinders 21, according to the target opening 
and closing timings of the intake valves 28, the target 
opening and closing timings of the exhaust valves 29 
and the required fuel injection amount, which were cal- 
culated in step 5807, The CPU 401 further controls the 
intake valve driver circuit 30a, the exhaust valve driver 
circuit 31a and the fuel injector valve 32 of the rich-burn 
operated cylinder 21, according to the target opening 
and closing timings of the intake and exhaust valves 28, 
29 and the target fuel injection amount, which were de- 
termined in steps S811 and S813. 
[0182] In the example of Fig. 8, the three lean-burn 
operated cylinders 21 are successively operated with a 
fuel-lean air-fuel mixture, and then the rich-burn operat- 
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ed cylinder 21 is operated with the air-fuel mixture hav- 
ing the target air/fuel mixture. As a result, the fuel-lean 
exhaust gases are successively emitted from the lean- 
burn operated cylinders 21, and then the fuel-rich ex- 
haust gases are emitted from the rich-burn operated cyl- 5 
inder 21. 

[0183] The exhaust gases emitted from the rich-burn 
operated cylinder 21 contain an amount of reducing 
agents which corresponds to the total amount of nitro- 
gen oxides (NOx) contained in the exhaust gases emit- 10 
ted from the three lean-burn operated cylinders 21 . The 
occlusion-reduction type NOx catalyst 46 occludes or 
absorbs the nitrogen oxides contained in the exhaust 
gases successively emitted from the three lean-burn op- 
erated cylinders 21 , and the total amount of the nitrogen *5 
oxides occluded in the NOx catalyst 46 is released or 
removed when the NOx catalyst 46 is subsequently ex- 
posed to the exhaust gases emitted from the rich-burn 
operated cylinder 21. 

[0184] Thus, the purification assisting control accord- 20 
ing to the routine of Fig. 8 is arranged to effect the oc- 
clusion and reduction of the nitrogen oxides (NOx) in 
and at the Nox catalyst 46 in each cycle of operation of 
the internal combustion engine 1 . This arrangement fa- 
cilitates matching between the amount of occlusion of 25 
the nitrogen oxides and the amount of the reducing 
agents contained in the exhaust gases, making it pos- 
sible to reduce the operating load on the CPU 401. 
[0185] In the purification assisting control of Figs. 7 
and 8, the output torque of the rich-burn operated cylin- 30 
der 21 is made equal to that of each lean-burn operated 
cylinder 21 , by controlling the opening and closing tim- 
ings of the exhaust valves 29 of the rich-burn operated 
cylinder 21 , so that the overall output torque of the en- 
gine 1 does not suffer from an undesirable variation. 35 
[0186] While the second embodiment of Figs. 6-8 is 
adapted to use the same cylinder 21 of the engine 1 as 
the rich-burn operated cylinder 21 , all or a plurality of 
the cylinders 21 may be sequentially used as the rich- 
burn operated cylinder 21 at predetermined intervals. *o 
This modification is effective to prevent undesirable de- 
posits from remaining in the rich-burn operated cylinder 
21, or prevent smoking of the spark plug 25 of the rich- 
burn operated cylinder 21 . 

[0187] A third embodiment of this invention will be 45 
next described with reference to the flowchart of Fig. 9. 
The third embodiment is different from the first and sec- 
ond embodiments, only in the purification assisting con- 
trol performed by the CPU 401 . 

[0188] The first and second embodiments are ar- so 
ranged to operate the selected cylinder 21 with a fuel- 
rich air-fuel mixture having a relatively low air/fuel ratio 
so that hydrocarbon (HC) that is contained in a relatively 
large amount in the exhaust gases emitted from the rich- 
burn operated cylinder 21 is supplied as a reducing 55 
agent to the occlusion-reduction type NOx catalyst 46. 
On the other hand, the third embodiment is arranged to 
supply the NOx catalyst with reducing agents in the form 
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of hydrogen (H 2 ) andTarbon monoxide (CO) having a 
higher ability of reducing nitrogen oxides (NOx) than hy- 
drocarbon (HC). 

[0189] The CPU 401 executes a rich-burn cylinder 
control routine illustrated in the flowchart of Fig. 9 ac- 
cording to a control program stored in the ROM 402, 
when it becomes necessary to perform a rich-burn op- 
eration of the selected cylinder 21 with a fuel-rich air- 
fuel mixture for the purpose of recovering the NOx cat- 
alyst 46 into a state suitable for reducing and removing 
the nitrogen oxides. 

[0190] The rich-burn cylinder control routine of Fig. 9 
is initiated with step S901 to determine whether the oc- 
clusion-reduction type NOx catalyst 46 is required to be 
supplied with the reducing agents, to recover its original 
NOx occluding or absorbing ability. 
[0191] If it is determined in step S901 that the NOx 
catalyst 46 is not required to be supplied with the reduc- 
ing agents for recovering its original NOx occluding abil- 
ity, one cycle of execution of the routine of Fig. 9 is ter- 
minated. 

[0192] If it is determined in step S901 that the NOx 
catalyst 46 is required to be supplied with the reducing 
agents for recovering its original NOx occluding ability, 
the CPU 401 executes step S902. 
[0193] In step S902, the CPU 401 determines wheth- 
er the revolving speed of the engine 1 is equal to or high- 
er than a predetermined threshold, or the load acting on 
the engine 1 is equal to or larger than a predetermined 
threshold. 

[0194] If it is determined in step S902 that the revolv- 
ing speed of the engine 1 is equal to or higher than the 
threshold, and/or the load of the engine 1 is equal to or 
larger than the threshold, the control flow proceeds to 
step S903 in which the moment of opening of the ex- 
haust valves 29 of the rich-burn operated cylinder 21 is 
advanced. 

[0195] Regarding the opening timing of the exhaust 
valves 29 of the rich-burn operated cylinder 21 , it is not- 
ed that hydrogen (H 2 ) is produced as a result of thermal 
decomposition upon combustion of hydrocarbon (HC) 
contained in the air-fuel mixture, and the thus produced 
hydrogen is bonded with oxygen and carbon to produce 
water (H 2 0) and hydrocarbon (HC) as the combustion 
further progresses. By opening the exhaust valves 29 
in the process of combustion of the air-fuel mixture, the 
emitted exhaust gases contain a comparatively large 
amount of hydrogen (H 2 ). When the NOx catalyst 46 is 
exposed to the emitted exhaust gases containing such 
a large amount of hydrogen, nitrogen oxides (NOx) 
stored in the NOx catalyst 46 are efficiency reduced in 
a short time with the hydrogen. 

[0196] If it is determined in step S902 that the engine 
speed is lower than the threshold and the engine load 
is smaller than the threshold, the control flow proceeds 
to step S904 in which the moment of opening of the ex- 
haust valve 29 of the rich-burn operated cylinder 21 is 
retarded. 
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[0197] Hydrocarbon (HC) remaining in the rich-burn 
operated cylinder 21 after the combustion of the air-fuel 
mixture is oxidized at a high temperature and in an ox- 
idizing atmosphere, to produce carbon monoxide (CO). 
Therefore, the exhaust gases emitted from the rich-burn 5 
operated cylinder 21 contain a comparatively large 
amount of carbon monoxide (CO), when the moment of 
opening of the exhaust valve 29 is retarded to a suitable 
point of time after the termination of combustion of the 
air-fuel mixture. 10 
[0198] Since the exhaust gases emitted from the rich- 
burn operated cylinder 21 contain a large amount of car- 
bon monoxide (CO) having a higher reducing ability than 
hydrocarbon (HC), the nitrogen oxides (NOx) stored in 
the NOx catalyst 46 are efficiently reduced in a short 15 
time with the carbon monoxide when the NOx catalyst 
46 is exposed to the emitted exhaust gases. 
[0199] Thus, the rich-burn cylinder control routine ex- 
ecuted by the CPU 402 enables the NOx catalyst 46 to 
recover its original NOx occluding ability by reduction of 20 
nitrogen oxides with hydrogen (H 2 ) or carbon monoxide 
(CO), in a shorter time than in the case where hydrocar- 
bon (HC) is used as the reducing agent. Accordingly, 
the required time of the rich-burn operation of the se- 
lected cylinder 21 for the purpose of recovering the orig- 25 
inal NOx occluding ability can be further shortened, 
leading to further reduction of the required amount of 
consumption of the fuel. 

[0200] A fourth embodiment of this invention will be 
described referring to the flowchart of Fig. 1 0. The fourth 30 
embodiment is different from the first through third em- 
bodiments, only in the purification assisting control per- 
formed by the CPU 401. 

[0201] While the first through third embodiments are 
arranged to recover the original NOx occluding ability of 35 
the NOx catalyst 46 by reducing and removing the ni- 
trogen oxides (NOx) stored in the NOx catalyst 46, the 
fourth embodiment is arranged to remove SOx poison- 
ing of the occlusion-reduction type NOx catalyst 46. 
[0202] When the exhaust gases to which the NOx cat- 40 
alyst 46 is exposed are fuel-lean, the NOx catalyst 46 
occludes or absorbs nitrogen oxides (NOx) contained in 
the exhaust gases. However, the NOx catalyst 46 also 
occludes or absorbs a sulfur component contained in 
the exhaust gases, in the same manner as the nitrogen 45 
oxides, whereby the NOx occluding ability of the NOx 
catalyst 46 is reduced. This phenomenon is a so-called 
"SOx poisoning" of the NOx catalyst 46. 
[0203] Described in detail, sulfur oxides (SOx) such 
as S0 2 and S0 3 are produced as a result of combustion 50 
of the sulfur (S) component contained in the fuel used 
in the engine 1 . Therefore, the exhaust gases to which 
the NOx catalyst 46 is exposed contain the surfer com- 
ponent. 

[0204] When the exhaust gases are fuel-lean, oxygen 55 
0 2 " or O 2 " are deposited on the surface of platinum (Pt) 
carried on the substrate of the NOx catalyst 46, so that 
the sulfur oxides (SOx) contained in the exhaust gases 
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react with oxygen 0 2 : TJr O 2 * to form S0 3 * or S0 4 \ 
[0205] The SO3- or S0 4 " formed on the platinum (Pt) 
of the NOx catalyst 46 are further oxidized on the plati- 
num, and are absorbed in the NOx catalyst 46 as sul- 
phate ion (SO4 2 -). The sulphate ion (S0 4 2 -) absorbed in 
the NOx catalyst 46 are bonded with barium oxide (BaO) 
to form barium sulfate (BaS0 4 ). 
[0206] Barium sulfate (BaS0 4 ) has properties that it 
is decomposed with more difficulty and more easily ag- 
glomerated than nitrogen oxides (NOx). Accordingly, 
barium sulfate is more likely to remain in the NOx cata- 
lyst 46 since barium sulfate is unlikely to be decom- 
posed even when the NOx catalyst 46 is exposed to fuel- 
rich exhaust gases. 

[0207] Therefore, the amount of barium sulfate 
(BaS0 4 ) in the NOx catalyst 46 increases with the time, 
so that the amount of barium oxide (BaO) which serves 
to enable the NOx catalyst 46 to occlude nitrogen oxides 
(NOx) is reduced, resulting in reduction in the NOx oc- 
cluding ability of the NOx catalyst 46. 
[0208] To remove the SOx poisoning of the occlusion- 
reduction type catalyst 46, the temperature of the at- 
mosphere in which the NOx catalyst 46 exists must be 
raised to a considerably high level (e.g., 500-700°C), 
and the exhaust gases to which the NOx catalyst 46 is 
exposed must be fuel-rich, i.e., have a considerably low 
air/fuel ratio. 

[0209] That is, barium sulfate (BaS0 4 ) produced with- 
in the NOx catalyst 46 is thermally decomposed into 
SO3- or S0 4 _ when the temperature of the atmosphere 
of the NOx catalyst 46 is raised. When the exhaust gas- 
es to which the NOx catalyst 46 is exposed are fuel-rich 
at that time, S0 3 " or S0 4 - react with hydrocarbon (HC) 
and carbon monoxide (CO) contained in the fuel-rich ex- 
haust gases, and are reduced into gaseous S0 2 ", 
whereby sulfur dioxides (SOx) are released from the 
NOx catalyst 46. 

[0210] For example, the atmosphere to which the 
NOx catalyst 46 is exposed can be controlled to be hot 
and fuel-rich, by supplying the NOx catalyst 46 with fuel- 
rich exhaust gases containing large amounts of un- 
burned fuel components and oxygen, so that the un- 
burned fuel components are burned by reaction with ox- 
ygen. 

[0211] The exhaust gases containing large amounts 
of unburned fuel components and oxygen can be pro- 
duced, for instance, by either of the following two meth- 
ods: (1) operating the engine 1 with a fuel-rich air-fuel 
mixture so that the exhaust gases are fuel-rich, and in- 
troducing additional air into the exhaust passage at a 
point upstream of the NOx catalyst 46, so that the ex- 
haust gases contain unburned fuel components and ox- 
ygen; and (2) operating at least one of the cylinders 21 
of the engine 1 with a fuel-rich air-fuel mixture, while at 
the same time operating the other cylinder or cylinders 
21 with a fuel-lean air-fuel mixture, so that fuel-rich ex- 
haust gases containing a large amount of unburned fuel 
components and oxygen-rich exhaust gases containing 
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a large amount of oxygen are mixed together. In the 
present embodiment, however, the following method is 
employed in the light of the function of the electromag- 
netic valve drive mechanisms 30, 31 capable of control- 
ling the opening and closing timings of the intake and 5 
exhaust valves 28, 29 as needed. 
[0212] Namely, when it becomes necessary to re- 
move the SOx poisoning of the NOx catalyst 46, the 
CPU 401 controls the fuel injector valve 32 of each cyl- 
inder 21 of the engine 1 for operating each cylinder 21 10 
with a fuel-rich air-fuel mixture, and advance the mo- 
ment of opening of the exhaust valves 29 to a point in 
the expansion stroke, so that the air-fuel mixture in the 
process of combustion is discharged from the cylinder 
21 as exhaust gases. 15 
[0213] The above arrangement provides exhaust 
gases having a higher temperature and larger amounts 
of unburned fuel components and oxygen than exhaust 
gases that are discharged from the relevant cylinder 21 
after the air-fuel mixture has been completely burned. 20 
[0214] The amounts of unburned fuel components 
and oxygen contained in the exhaust gases may also 
be increased by retarding the ignition timing of the spark 
plug 25 of each cylinder 21 so as to retard the combus- 
tion of the air-fuel mixture. 25 
[0215] When the air-fuel mixture in the process of 
combustion is emitted from each cylinder 21, the com- 
bustion pressure in each cylinder 21 is lowered, and the 
efficiency of conversion of the compression pressure in- 
to the torque of the crankshaft 23 is lowered, resulting 30 
in reduction of the output torque of the engine 1 . 
[0216] To prevent the reduction of the engine output, 
the CPU 401 changes the opening and closing timings 
of the intake valves 28 of each cylinder 21 so as to in- 
crease the intake air amount, and increases the fuel in- 35 
jection amount. The amount of intake air to be drawn 
into each cylinder 21 can be increased by increasing the 
opening of the throttle valve 39, in addition to changing 
the opening and closing timings of the intake valves 28. 
[0217] The purification assisting control according to *o 
the fourth embodiment of this invention will be described 
in detail. 

[0218] To perform the purification assisting control, 
the CPU 401 operates to execute a purification assisting 
control routine illustrated in the flowchart of Fig. 10, ac- 45 
cording to a control program also stored in the ROM 402. 
This control routine is repeatedly executed with a pre- 
determined cycle time (for instance, each time the 
crankshaft position sensor 51 generates a pulse signal). 
[021 9] The purification assisting control routine of Fig. 50 
10 is initiated with step S1001 in which the CPU 401 
determines the degree of SOx poisoning of the occlu- 
sion-reduction type NOx catalyst 46. This determination 
in step S1001 can be effected, for instance, on the basis 
of the output signal of the NOx sensor 4 disposed down- 55 
stream of the NOx catalyst 46, when the exhaust gases 
to which the NOx catalyst 46 is exposed are fuel-lean. 
Alternatively, the degree of the SOx poisoning of the 
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NOx catalyst 46 canUe estimated on the basis of the 
cumulative time of operation of the engine 1 with a fuel- 
lean air-fuel mixture, the cumulative amount of intake 
air that have been drawn into the engine 1 , and/or the 
cumulative amount of fuel injection into the engine 1 . 
[0220] Step S1 001 is followed by step S1 002 in which 
the CPU 401 determines whether the degree of the SOx 
poisoning of the NOx catalyst 46 is larger than a prede- 
termined threshold. This threshold is obtained by exper- 
imentation and stored in the ROM 402. 
[0221] If it is determined in step S1 002 that the degree 
of the SOx poisoning of the NOx catalyst 46 is not larger 
than the threshold, the CPU 401 determines that it is not 
necessary to execute further steps for removing the SOx 
poisoning of the NOx catalyst 46. In this case, one cycle 
of execution of the routine of Fig. 10 is terminated. 
[0222] If it is determined in step S 1 002 that the degree 
of the SOx poisoning of the NOx catalyst 46 is larger 
than the threshold, the CPU 401 determines that it is 
necessary to execute the further steps for removing the 
SOx poisoning of the NOx catalyst 46, and the control 
flow proceeds to step S1003. 

[0223] In step S1003, the CPU 401 reads from the 
RAM 403 the revolving speed of the engine 1 and the 
operating amount of the accelerator pedal 42 represent- 
ed by the output signal of the accelerator position sensor 
43, and calculates a required output torque of the engine 
1 on the basis of the engine speed and the operating 
amount of the accelerator pedal 42. 
[0224] In the next step S1004, the CPU 401 deter- 
mines desired opening and closing timings of the intake 
valves 28 and the exhaust valves 29, a required amount 
of fuel injection and a desired ignition timing of the spark 
plugs 25, so that the NOx catalyst 46 is exposed to the 
exhaust gases containing unburned fuel components 
and oxygen, while the engine 1 is enabled to produce 
the required output torque calculated in step S1003. 
[0225] Described in detail, the CPU 401 first calcu- 
lates the desired air/fuel ratio of an air-fuel mixture to be 
burned in each cylinder 21 , and then determines the de- 
sired opening timing of the exhaust valves 29 and the 
desired ignition timing of the spark plug 25 such that the 
moment of opening of the exhaust vale 28 is advanced 
and the ignition timing is retarded, for the air-fuel mixture 
in the process of combustion to be exhausted from each 
cylinder 21 . 

[0226] Then, the CPU 401 determines the required in- 
take air amount and the required fuel injection amount 
so that the actual output torque of the engine 1 operated 
according to the determined desired air/fuel mixture, de- 
sired opening timing of the exhaust valves 29 and de- 
sired ignition timing coincides with the determined re- 
quired output torque. The CPU 401 then determines the 
opening and closing timings of the intake valves 28 on 
the basis of the determined required intake air amount. 
[0227] Step S1 004 is followed by step S1 005 in which 
the CPU 401 controls the intake valve driver circuit 30a, 
exhaust valve driver circuit 31a, fuel injector valve 32 
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and spark plug 25 of each cylinder 21 , according to the 
desired opening and closing timings of the intake valves 
28, desired opening and closing timings of the exhaust 
valves 29, required fuel injection amount and desired 
ignition timing, which were determined in step S1004, 5 
so that the SOx poisoning of the NOx catalyst 46 is re- 
moved. 

[0228] As a result, the engine 1 emits the hot exhaust 
gases containing large amounts of unburned fuel com- 
ponents and oxygen, while providing the required output 10 
torque. The NOx catalyst 46 is exposed to the emitted 
exhaust gases flowing through the exhaust manifold 45. 
Accordingly, the NOx catalyst 46 is heated by the heat 
of the exhaust gases, and the unburned fuel compo- 
nents react with oxygen on the platinum (Pt) of the NOx 15 
catalyst 46, so that the NOx catalyst 46 is further heated 
by heat generated in the reaction. 
[0229] When the atmosphere surrounding the NOx 
catalyst 46 is held at a high temperature, barium sulfate 
(BaS0 4 ) in the NOx catalyst 46 is thermally decom- 20 
posed into S0 3 _ or S0 4 _ , which in turn are reduced to 
S0 2 " by reaction with hydrocarbon (HC) and carbon 
monoxide (CO) contained in the exhaust gases, and 
S0 2 " is released from the NOx catalyst 46. 
[0230] Step S1005 is followed by step S1006 in which 25 
the CPU 401 determines whether the SOx poisoning of 
the NOx catalyst 46 has been removed. This determi- 
nation may be made by determining whether the cumu- 
lative time of rich-burn operation of the engine 1 in step 
S1 005 is long enough to remove the SOx poisoning. To 30 
make this determination, a predetermined relationship 
between the degree of SOx poisoning of the NOx cata- 
lyst 46 and a sufficient SOx removal time is obtained by 
experimentation and stored in the ROM 402. The deter- 
mination as to whether the SOx poisoning has been re- 35 
moved is made by determining whether the cumulative 
rich-burn operation of the engine 1 has increased to the 
sufficient SOx removal time that is determined on the 
basis of the degree of SOx poisoning and according to 
the predetermined relationship. Alternatively, an SOx *o 
sensor is attached to the exhaust pipe 47 downstream 
of the NOx catalyst 46, and the determination as to 
whether the SOx poisoning of the NOx catalyst 46 has 
been removed is made by determining whether the SOx 
concentration of the exhaust gases in the exhaust pipe 45 
46 as represented by the output signal of the SOx sen- 
sor has been reduced to a predetermined value. 
[0231] If it is determined in step S1006 that the SOx 
poisoning of the NOx catalyst 46 has not been removed 
yet, the control flow returns to step S1005. so 
[0232] If it is determined in step S1006 that the SOx 
poisoning has been removed, the control flow proceeds 
to step S1007 in which the CPU 401 controls the intake 
valve driver circuits 30a, exhaust valve driver circuits 
31a and the spark plugs 25, to establish the normal 55 
opening and closing timings of the intake and exhaust 
valves 28, 29 and the normal ignition timing, and con- 
trols the fuel injector valves 32 to establish the normal 
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fuel injection amount/ 
[0233] According to the purification assisting control 
described above, the exhaust gases emitted from the 
engine 1 can be controlled to be hot and to contain large 
amounts of unburned fuel components and oxygen, by 
controlling the opening and closing timings of the intake 
and exhaust valves 28, 29. As a result, the required time 
for removing the SOx poisoning can be significantly re- 
duced, that-is, the required time for the rich-bum oper- 
ation of the engine for removing the SOx poisoning can 
be reduced, thus minimizing deterioration of the vehicle 
driveability and an increase in the amount of consump- 
tion of the fuel. 

[0234] Although the fourth embodiment is arranged to 
remove the SOx poisoning of the NOx catalyst 46 by 
operating the engine 1 with a fuel-rich air-fuel mixture 
while the opening timing of the exhaust valves 28 is ad- 
vanced for easy cylinder 21 , it is possible to supply the 
NOx catalyst 46 with an unburned fuel, by operating the 
fuel injector valve 32 of each cylinder 21 while the intake 
and exhaust valves 28, 29 are both open, so that the 
unburned fuel is burned at the NOx catalyst 46, for effi- 
ciently controlling the atmosphere surrounding the NOx 
catalyst 46 to be sufficiently hot and fuel-rich. 
[0235] Referring next to Figs. 11-15, there will be de- 
scribed a fifth embodiment of this invention as applied 
to an internal combustion engine provided with a varia- 
ble valve control system. 

[0236] The internal combustion engine with the intake 
and exhaust systems is schematically shown in Fig. 11. 
Since this internal combustion engine is almost identical 
with that of Fig. 1 and Fig. 2 to which the first embodi- 
ment is applied, only the aspects of the engine 1 of Fig. 
11 that are different from the engine of Fig. 1 and Fig. 2 
will be described. 

[0237] In the engine 1 of Fig. 2 according to the first 
embodiment, each fuel injector valve 32 is attached to 
the cylinder head 1 a, at a position near the point of con- 
nection of the corresponding branch intake pipe to the 
cylinder head 1a, such that the fuel outlet of the fuel in- 
jector valve 32 is open to the intake ports 26 of the cor- 
responding cylinder 21. In the engine 1 of Fig. 11 ac- 
cording to the fifth embodiment, each fuel injector valve 
32 is attached to the cylinder head 1a such that the fuel 
outlet is open to the combustion chamber 24 of the cor- 
responding cylinder 21 so that the fuel is injected from 
the fuel injector valve 32 directly into the combustion 
chamber 24. 

[0238] As in the first embodiment, the two intake ports 
26 and the two exhaust ports 27 are open to the com- 
bustion chamber 24 of each cylinder 21 . In the present 
embodiment, one of the two intake ports 26 is a straight 
port extending straight to the combustion chamber 24, 
and the other intake port 26 is a swirl port in the form of 
a helical port which is formed so as to cause a swirl of 
the intake air drawn into the combustion chamber 24. 
[0239] The intake manifold 33 having four branch in- 
take pipes is attached to the cylinder head 1a, and the 
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intake ports 26 of the cylinders 2T are respectively con- 
nected to the branch intake pipes of the intake manifold 
33. 

[0240] In each branch pipe of the intake manifold 33 
that communicates with each straight intake port 26, 5 
there is provided a swirl control valve 17 for controlling 
the rate of flow of the intake air through that branch pipe. 
The swirl control valve 17 is provided with an SCV ac- 
tuator 17a and a SCV position sensor 17b. The SCV 
actuator 17a includes a stepping motor for controlling 10 
the angle or amount of opening of the swirl control valve 
1 7 according to an amount of electric current applied to 
the stepping motor. The SCV position sensor 17b gen- 
erates an output signal indicative of the amount of open- 
ing of the swirl control valve. *5 
[0241] A casing 46b that is connected to the exhaust 
manifold 45 houses an occlusion-reduction type NOx 
catalyst 46a similar to the NOx catalyst 46a used in the 
preceding embodiments. The NOx catalyst 46a has 
both a three-way catalytic function and an occlusion- 20 
and-reduction function. The three-way catalytic function 
is a function of reducing or removing hydrocarbon (HC), 
carbon monoxide (CO) and nitrogen oxides (NOx) con- 
tained in exhaust gases which are emitted from the en- 
gine 1 when the emitted exhaust gases have the stoi- 25 
chiometric air/fuel ratio or an air/fuel ratio close to the 
stoichiometric value. The occlusion-and-reduction func- 
tion is a function of occluding or absorbing nitrogen ox- 
ides (NOx) contained in exhaust gases which are fuel- 
lean, namely, have an air/fuel ratio higher than the stoi- 30 
ehiometric value, and releasing the nitrogen oxides 
(NOx) occluded or absorbed in the NOx catalyst 46a 
when the emitted exhaust gases are stoichiometric or 
fuel-rich, namely, have the stoichiometric air/fuel ratio 
or an air/fuel ratio lower than the stoichiometric value. 35 
The occlusion-and-reduction function further includes a 
function of immediately reducing the emitted nitrogen 
oxides (NOx) into nitrogen (N 2 ) by reaction of the nitro- 
gen oxides with unburned hydrocarbon (HC) and carbon 
monoxide (CO) contained in the stoichiometric or fuel- *o 
rich exhaust gases. 

[0242] Therefore, the NOx catalyst 46a disposed in 
the exhaust passage of the engine 1 is capable of re- 
ducing or removing HC, CO and NOx contained in ex- 
haust gases emitted from the engine 1 as a result of op- 
eration of the engine with a fuel-lean air-fuel mixture, by 
suitably controlling the air-fuel ratio of the emitted ex- 
haust gases. In the present embodiment, the amount of 
NOx which has been occluded in the NOx catalyst 46a 
is estimated on the basis of the operating hysteresis or 50 
the past operating condition of the engine 1 , and the ex- 
haust gases to which the NOx catalyst 46a is exposed 
are temporarily controlled to be in a fuel-rich state when 
the estimated amount of NOx occluded in the NOx cat- 
alyst 46a has increased to a predetermined upper limit, 55 
so that the occluded NOx is released from the NOx cat- 
alyst 46 and reduced into N 2 . The manner of controlling 
the emitted exhaust gases to be fuel-rich in the present 
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embodiment will be described in detail. 
[0243] In the present embodiment, the air/fuel ratio of 
the exhaust gases is interpreted to mean a ratio of a 
total amount of air introduced into the combustion cham- 
ber 24 through the intake passage and air introduced 
into a portion of the exhaust passage upstream of the 
NOx catalyst 46a, to a total amount of a fuel (hydrocar- 
bon) injected into the combustion chamber 24 and a fuel 
introduced into the above-indicated upstream portion of 
the exhaust passage. Where none of a fuel, a reducing 
agent and air is introduced in the upstream portion of 
the exhaust passage upstream of the NOx catalyst 46a, 
the air/fuel ratio of the exhaust gases is the same as the 
air/fuel ratio of an air-fuel mixture introduced into the 
combustion chamber 24. 

[0244] In the fifth embodiment, the exhaust pipe 47 is 
provided with an exhaust gas temperature sensor 50 for 
detecting the temperature of the exhaust gases. This 
temperature is used as the temperature at the substrate 
of the NOx catalyst 46a. 

[0245] The cross-sectional view of Fig. 12 shows the 
electromagnetic exhaust valve drive mechanism 31 pro- 
vided for each exhaust valve 29 for each cylinder 21. 
This mechanism 31 is substantially identical in construc- 
tion with the electromagnetic intake valve mechanism 
30 for each intake valve 28, which is shown in Fig. 3. A 
further description of the mechanism 31 is deemed un- 
necessary. 

[0246] As in the first embodiment, the engine 1 is con- 
trolled by the electronic control unit (ECU) 20. 
[0247] The ECU 20 is constituted by a digital compu- 
ter incorporating the CPU 401 , ROM 402, RAM 403 and 
input and output ports 405, 406 which are connected to 
each other through the bidirectional bus 400, and further 
incorporating the A/D converter 407, as in the first em- 
bodiment. 

[0248] The A/D converter 407 receives analog output 
signals of the sensors such as the SCV position sensors 
17b, throttle position sensor 41, accelerator position 
sensor 43, air flow meter 44, air/fuel ratio sensor 48, ex- 
haust gas temperature sensor 50, coolant temperature 
sensor 52 and valve lift sensors 317. These analog out- 
put signals are converted by the A/D converter 407 into 
respective digital signals, which are applied to the input 
port 405. The input port 405 directly receives a digital 
output signal of the crankshaft position sensor 51 . 
[0249] To the output port 406 of the ECU 20, there are 
electrically connected the SCV actuator 16a, igniters 
25a, intake valve driver circuits 30a, exhaust valve driv- 
er circuits 31 a, exhaust valve driver circuits 31a, fuel in- 
jector valves 32 and throttle actuator 40. 
[0250] The ROM 402 of the ECU 20 stores various 
application programs such as programs for executing a 
fuel injection amount control routine for determining the 
amount of fuel injection into the cylinders 21, a fuel in- 
jection timing control routine for determining the timing 
of fuel injection into the cylinders 21, an ignition timing 
control routine for determining the ignition timing of the 
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igniters 25a (spark plugs 25), a throttle valve opening 
control routine for determining the opening of the throttle 
valve 39, and an SCV opening control routine for deter- 
mining the amount of opening of the swirl control valve 
1 7 of each cylinder 21 . The ROM 402 further stores pro- 5 
grams for executing an intake valve timing control rou- 
tine for determining the opening and closing timing of 
the intake valves 28, an exhaust valve timing control 
routine for determining the opening and closing timing 
of the exhaust valves 29, an intake valve driver current 10 
control routine for determining the amounts of electric 
current to be applied from the intake valve driver circuits 
30a to the solenoid coils of the electromagnetic intake 
valve drive mechanisms 30, and an exhaust valve driver 
current control routine for determining the amounts of 15 
electric current to be applied from the exhaust valve driv- 
er circuits 31a to the solenoid coils of the electromag- 
netic exhaust valve drive mechanism 31 . 
[0251] The ROM 402 of the ECU 20 further stores var- 
ious data maps, in addition to the application programs 20 
described above. The stored data maps include: various 
fuel injection amount control data maps representative 
of predetermined relationships between the operating 
state of the internal combustion engine 1 and the 
amount of fuel injection; a fuel injection timing control 25 
data map representative of a predetermined relation- 
ship between the operating state of the engine 1 and the 
timing of fuel injection; an ignition timing control data 
map representative of a predetermined relationship be- 
tween the operating state of the engine 1 and the ignition 30 
timing of each spark plug 25; a throttle valve opening 
control data map representative of a predetermined re- 
lationship between the operating state of the engine 1 
and the opening of the throttle valve 39; an SCV opening 
control data map representative of a predetermined re- 35 
lationship between the operating state of the engine 1 
and the amount of opening of the swirl control valve 17; 
an intake valve timing control data map representative 
of a predetermined relationship between the operating 
state of the engine 1 and the opening and closing timing *o 
of the intake valves 28; an exhaust valve timing control 
data map representative of a predetermined relation- 
ship between the operating state of the engine 1 and the 
opening and closing timing of the exhaust valves 29; and 
a valve driver current control data map representative *s 
of predetermined relationships between the operating 
state of the engine 1 and the amounts of electric current 
to be applied to the electromagnetic intake and exhaust 
valve drive mechanisms 30, 31. 

[0252] The RAM 403 is provided to temporarily store so 
the output signals of the various sensors, and results of 
arithmetic operations performed by the CPU 401, such 
as the operating speed of the engine 1 as calculated on 
the basis of the output signal of the crankshaft position 
sensor 51 . The signals and data stored in the RAM 403 55 
are updated each time the ECU 20 receives the output 
signal of the crankshaft position sensor 51 . 
[0253] The backup RAM 404 is a non-volatile memory 
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which retains data everrafter the operation of the engine 
1 is stopped. The backup RAM 404 stores various data 
which are updated by learning. 

[0254] The CPU 401 operates according to the appli- 
cation programs stored in the ROM 402, to execute the 
various control routines such as the fuel injection control 
routine, ignition timing control routine, throttle valve 
opening control routine, swirl control routine, intake 
valve timing control routine and exhaust valve timing 
control routine. 

[0255] The CPU 401 determines or detects the oper- 
ating condition of the engine 1 on the basis of the output 
signals of the crankshaft position sensor 51 and the ac- 
celerator position sensor 43 or the airflow meter 44, and 
controls the engine 1 according to the determined oper- 
ating condition. 

[0256] The graph of Fig. 14 indicates a relationship 
between the operating state (as represented by the load 
and speed) of the engine 1 and the combustion state in 
the combustion chambers 24. The combustion in the 
combustion chambers 24 of the engine 1 will be ex- 
plained by reference to Fig. 14. 

[0257] When the CPU 401 determines that the engine 
1 is in a low-load operating state indicated by region A 
in Fig. 14, the engine 1 is controlled to effect stratified 
charge combustion in each combustion chamber 24. To 
this end, the CPU 401 transmits a control signal to the 
SCV actuator 17a so as to reduce the angle or amount 
of the swirl control valve 17, and transmits a control sig- 
nal to the throttle actuator 40 so as to substantially fully 
close the throttle valve 39. The CPU 401 further controls 
the fuel injector valve 32 in the compression stroke of 
each cylinder 21 , to inject the fuel during the compres- 
sion stroke. 

[0258] In this case, air is introduced into the combus- 
tion chamber 24 of each cylinder 24 primarily through 
the helical intake port 26 during the intake stroke, so that 
a strong swirl of air is produced in the combustion cham- 
ber 24. In the following compression stroke, the fuel in- 
jected from the fuel injector valve 32 into the combustion 
chamber 24 is moved with the air swirl toward the spark 
plug 25 and reaches a position near the spark plug 25 
at a given moment. Thus, a combustible air-fuel mixture 
is formed near the spark plug 25, and the formed air- 
fuel mixture is surrounded by the air, such that the com- 
bustible air-fuel mixture and the adjacent layers of the 
air cooperate to form a stratified charge, which as a 
whole is an extremely fuel-lean air-fuel atmosphere. The 
CPU 401 controls the igniter 25a to energize the spark 
plug 25 for igniting the air-fuel mixture. As a result, the 
atmosphere near the spark plug 25 (including the com- 
bustible air-fuel mixture and the adjacent air layers) is 
burned with the ignition of the combustible air-fuel mix- 
ture near the spark plug 25. 

[0259] The amount of the fuel to be injected into the 
combustion chamber 24 for the stratified charge com- 
bustion indicated above is determined on the basis of 
the operating amount of the accelerator pedal 42 and 
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the engine speed. To determineThe amount of the fuel 
injection (the fuel injection time), the CPU 401 uses the 
first fuel injection amount control data map representa- 
tive of the predetermined relationship between the fuel 
injection amount and the engine operating state as rep- 5 
resented by the operating amount of the accelerator 
pedal 42 (represented by the output signal of the accel- 
erator position sensor 43) and the engine speed. 
[0260] The air/fuel ratio of the air-fuel mixture for the 
stratified charge combustion is selected within a range 10 
of 25-50, and the first fuel injection amount control data 
map for the stratified charge combustion is determined 
to correspond to this range of the air-fuel ratio. 
[0261] When the CPU 401 determines that the engine 
1 is in a medium-load operating state indicated by region 15 
C in Fig. 14, the engine 1 is controlled to effect uniform 
charge lean-burn combustion in each combustion 
chamber 24. To this end, the CPU 401 controls the SCV 
actuator 1 7a so as to reduce the angle of opening of the 
swirl control valve 1 7, and controls the fuel injector valve 20 
32 in the intake stroke of each cylinder 21 , to inject the 
fuel during the intake stroke. In this case, a fuel-lean air- 
fuel mixture consisting of fresh air and a fuel uniformly 
mixed together is formed over a substantially entire 
space in the combustion chamber 24 of each cylinder, 25 
and the fuel-lean air-fuel mixture is uniformly burned in 
the combustion chamber 24. 

[0262] The fuel injection amount and the intake air 
amount for the uniform charge lean-burn combustion in- 
dicated above are determined on the basis of the oper- 30 
ating amount of the accelerator pedal 42 and the engine 
speed. To determine the fuel injection amount or fuel in- 
jection time, the CPU 401 uses the second fuel injection 
amount control data map representative of the prede- 
termined relationship among the output signal value of 35 
the accelerator position sensor 43 (the operating, 
amount of the accelerator pedal 42), the engine speed 
and the fuel injection amount. To determine the intake 
air amount (the opening of the throttle valve 39), the 
CPU 401 uses the throttle valve opening control data <o 
map representative of the predetermined relationship 
among the output signal value of the accelerator posi- 
tion sensor 43 (operating amount of the accelerator ped- 
al 42), the engine speed and the intake air amount (the 
opening of the throttle valve 38). 45 
[0263] The air/fuel ratio of the air-fuel mixture for the 
uniform charge lean-burn combustion is selected within 
a range of 15-23, and the second fuel injection amount 
control data map and the throttle valve opening control 
data map for the uniform charge lean-burn combustion so 
are determined to correspond to this range of the air- 
fuel ratio. 

[0264] When the CPU 401 determines that the engine 
1 is in a high-load operating state indicated by region D 
in Fig. 14, the engine 1 is controlled to effect uniform 55 
charge stoichiometric combustion in each combustion 
chamber 24, with an air-fuel mixture having the stoichi- 
ometric air/fuel ratio or an air/fuel ratio close to the sto- 
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ichiometric value. Tolflls end, the CPU 401 controls the 
SCV actuator 1 7a so as to fully open the swirl control 
valve 1 7, and controls the throttle actuator 40 so that the 
opening of the throttle valve 39 corresponds to the op- 
erating amount of the accelerator pedal 42 (as repre- 
sented by the output signal of the accelerator position 
sensor 43). Further, the CPU 401 controls the fuel injec- 
tor valve 32 in the intake stroke of each cylinder 21 , to 
inject the fuel during the intake stroke. In this case, a 
stoichiometric air-fuel mixture which consists of fresh air 
and a fuel uniformly mixed together and the air/fuel ratio 
of which is equal or close to the stoichiometric value is 
formed over a substantially entire space in the combus- 
tion chamber 24 of each cylinder, and the stoichiometric 
air-fuel mixture is uniformly burned in the combustion 
chamber 24. 

[0265] The fuel injection amount for the uniform 
charge stoichiometric combustion indicated above is 
determined on the basis of the operating amount of the 
accelerator pedal 42 and the engine speed. To deter- 
mine the fuel injection amount or fuel injection time, the 
CPU 401 uses the third fuel injection amount control da- 
ta map representative of the predetermined relationship 
among the output signal of the accelerator position sen- 
sor 43 (the operating amount of the accelerator pedal 
42), the engine speed and the fuel injection amount. 
[0266] The air/fuel ratio of the air-fuel mixture for the 
uniform charge stoichiometric combustion is selected 
within a range of 12-14.6, and the third fuel injection 
amount control data map for the stoichiometric combus- 
tion is determined to correspond to this range of the air- 
fuel ratio. 

[0267] When the CPU 401 determines that the engine 
1 is in a low/medium-load state indicated by region B in 
Fig. 14, which is interposed between the low-load region 
A and the medium-load region C, the engine 1 is con- 
trolled to effect semi-stratified charge combustion in 
each combustion chamber 24. To this end, the CPU 401 
controls the SCV actuator 17a so as to establish an ap- 
propriate amount of opening of the swirl control valve 
17, and controls the fuel injector valve 32 in the com- 
pression and intake strokes of each cylinder 21 , to inject 
the fuel in the compression and intake strokes. In this 
case, a combustible air-fuel mixture is formed near the 
spark plug 25, and a fuel-lean air-fuel mixture is formed 
so as to surround the combustible air-fuel mixture, so 
that a semi-stratified charge is formed in the combustion 
chamber 24 of each cylinder. The semi-stratified charge 
combustion permits a smooth transition from the strati- 
fied charge combustion to the uniform charge lean-burn 
combustion or vise versa, without a variation in the out- 
put torque of the engine 1. The air/fuel ratio of the air- 
fuel mixture for the semi-stratified charge combustion is 
selected within a range of 20-30. 
[0268] When the engine 1 is operated with a fuel-lean 
air-fuel mixture for the stratified charge combustion, 
semi-stratified charge combustion or uniform charge 
lean-burn combustion, the exhaust gases emitted from 
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the engine 1 are in a fuel-lean state, and nitrogen oxides 
(NOx) contained in the emitted exhaust gases are oc- 
cluded or absorbed in the NOx catalyst 46a. During a 
long operation of the engine 1 with the fuel-lean air-fuel 
mixture, the NOx occluding capacity of the NOx catalyst 5 
46 is saturated, and the nitrogen oxides contained in the 
exhaust gases may be released into the atmosphere 
without being reduced or removed by the NOx catalyst 
46a. 

[0269] In view of the above, the CPU 401 estimates 10 
the amount of NOx which has been absorbed in the NOx 
catalyst 46a, on the basis of the past operating condition 
of the engine 1 . When the amount of the NOx stored in 
the NOx catalyst 46a has increased to a predetermined 
upper limit, the CPU 401 controls the engine 1 to cause 15 
the exhaust gases to which the NOx catalyst 46a is ex- 
posed, to be fuel-rich, namely, to effect the so-called 
"rich spike control", for the purpose of releasing the ab- 
sorbed NOx from the NOx catalyst 46a and reducing the 
NOx into nitrogen N 2 . 20 
[0270] In the fifth embodiment, the exhaust valves 28 
of each cylinder 21 are opened before the moment of 
initiation of the normal exhaust stroke, to discharge from 
the combustion chamber a portion of fuel gas containing 
unburned combustibles, so that the NOx catalyst 46a is 25 
exposed to the fuel-rich exhaust gases containing hy- 
drocarbon (HC). 

[0271] Referring to Fig. 15, a control operation to 
cause the emitted exhaust gases to be fuel-rich will be 
described in which the engine 1 is operated in the strat- 30 
ified charge combustion mode by opening the exhaust 
valves 29 twice. 

[0272] The timing chart of Fig. 1 5 indicates the timing 
with which the intake and exhaust valves 28, 29 are 
opened and closed during the operation of the engine 1 35 
in the stratified charge combustion mode. More specif- 
ically, the opening and closing timing of the intake valves 
28 is indicated at (a) in Fig. 15, and the opening and 
closing timing of the exhaust valves 29 in the normal 
lean-burn operation of the engine 1 (with the NOx being 40 
occluded in the NOx catalyst 46a) is indicated at (b), 
while the opening and closing timing of the exhaust 
valves 29 in the rich-spike control (with the NOx being 
released from the NOx catalyst 46a) is indicated at (c). 
[0273] In the stratified charge combustion mode, the 45 
CPU 401 controls the electromagnetic intake valve drive 
mechanism 30 such that each intake valve 28 is opened 
at a point of time immediately before the moment of ter- 
mination of the exhaust stroke of the piston 22, and is 
held open up to a point immediately after the moment so 
of termination of the intake stroke (immediately after the 
moment of initiation of the compression stroke), as indi- 
cated at (a) in Fig. 15, for introducing air into each cyl- 
inder 21 . Further, the CPU 401 controls each fuel injec- 
tor valve 32 for injecting the fuel into the combustion 55 
chamber 24, such that the fuel injector valve 32 is 
opened at a point of time immediately before the mo- 
ment of termination of the compression stroke of the pis- 
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ton 22, as also indicated at (a). The CPU 401 further 
controls the igniter 25a for energizing the spark plug 25 
at a point immediately after the moment of injection of 
the fuel. Further, the CPU 401 controls the electromag- 
netic exhaust valve driver mechanism 31 such that the 
exhaust valves 29 are opened at a point of time imme- 
diately before the moment of termination of the com- 
pression stroke and is held open up to a point immedi- 
ately after the moment of termination of the exhaust 
stroke (immediately after the moment of initiation of the 
intake stroke), as indicated at (b) in Fig. 15, so that the 
exhaust gases produced as a result of combustion of 
the air-fuel mixture are discharged from the combustion 
chamber 24. In the normal stratified charge combustion 
mode, the exhaust valves 29 of each cylinder 29 are 
opened and closed only once in each cycle of operation 
of the engine 1. 

[0274] When the CPU 401 determines that the "rich 
spike control" is necessary because the amount of NOx 
occluded in the NOx catalyst 46a during the operation 
of the engine 1 in the stratified charge combustion mode 
has increased to the predetermined upper limit, the CPU 
401 controls the exhaust valve drive mechanism 31 so 
that the exhaust valves 29 are open for a very short time 
just after the moment of injection of the fuel into the com- 
bustion chamber 24 and immediately before the mo- 
ment of termination of the compression stroke, as well 
as being held open for the relatively long period as de- 
scribed above, as indicated at (c) in Fig. 15. 
[0275] By opening the exhaust valves 29 just after the 
moment at which the fuel is injected from the fuel injector 
valve 32 into the combustion chamber 24, a portion of 
the fuel injected into the combustion chamber 24 is dis- 
charged, before the combustion of the air-fuel mixture, 
from the combustion chamber 24 into the exhaust ports 
27 through the exhaust valves 29. As a result, the NOx 
catalyst 46a is exposed to fuel-rich unburned gases con- 
taining a large amount of hydrocarbon HC. Thus, the 
rich spike control is conducted. Consequently, the NOx 
occluded in the NOx catalyst 46a is released and re- 
duced into N 2 . 

[0276] Thus, the rich spike control can be readily con- 
ducted when needed, by opening the exhaust valves 29 
at two different times. This arrangement is effective to 
reduce the deterioration of the fuel economy of the en- 
gine 1 and to improve the efficiency of reduction and 
removal of the NOx, as compared with the conventional 
gradual change of the air/fuel ratio of the air-fuel mix- 
ture. 

[0277] For the purpose of exposing the NOx catalyst 
46a to unburned gases, the exhaust valves 29 are pref- 
erably opened before the ignition of the air-fuel mixture 
by the spark plug 25. 

[0278] While the present embodiment is arranged to 
open the exhaust valves just after the moment of the 
fuel injection for conducting the rich spike control, it is 
possible to control the opening and closing timing of the 
exhaust valves 29 such that the opening action of the 
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exhaust valves 29 is initiated just before or during the 
fuel injection, and such that the exhaust valves 19 are 
subsequently closed during or just after the fuel injec- 
tion, provided that a portion of the fuel injected into the 
combustion chamber 24 is discharged from the combus- 
tion chamber 24 before the fuel is completely burned, 
desirably before the spark plug 25 is energized to ignite 
the air-fuel mixture. 

[0279] The period of time during which the exhaust 
valves 29 are held open for the rich spike control may 
be prolonged with an increase in the engine speed or 
load. 

[0280] Although the fifth embodiment is arranged to 
open twice all of the exhaust valves 29 for conducting 
the rich spike control, the exhaust valves 29 of selected 
at least one cylinder 21 may be opened twice while the 
remaining exhaust valves 29 are inhibited from being 
opened twice. Further, only one of the two exhaust ports 
27 of each of selected at least one cylinder 21 may be 
opened twice by opening the corresponding exhaust 
valve 29. 

[0281] While the rich spike control described above is 
conducted during operation of the engine 1 in the strat- 
ified charge combustion mode, at least one exhaust 
valve 29 may be similarly opened twice for the rich spike 
control during an operation of the engine 1 in the semi- 
stratified charge combustion mode or uniform lean-burn 
combustion mode. 

[0282] An apparatus is provided which includes an in- 
ternal combustion engine (1) of a lean-burn type, an 
NOx catalyst (46) disposed in an exhaust passage of 
the engine so as to remove nitrogen oxides contained 
in exhaust gas emitted from the engine, and a variable 
valve control system (30, 31, 30a, 31a) capable of 
changing the opening and closing timing and/or a lift of 
the intake valve and/or the exhaust valve for each cyl- 
inder of the engine. The variable valve control system 
is controlled so that the exhaust gas to which the NOx 
catalyst is exposed is controlled so as to be suitable for 
removing a selected gaseous component from the NOx 
catalyst when the selected gaseous component should 
be removed. A method of purifying an exhaust gas emit- 
ted from the above engine is also provided. 



Claims 

1. An apparatus, comprising: 

an internal combustion engine (1) of a lean- 
burn type capable of burning an oxygen-rich 
air-fuel mixture, the internal combustion engine 
including an intake valve (28) and an exhaust 
valve (29) for each of a plurality of cylinders (21) 
thereof; 

an NOx catalyst (46) disposed in an exhaust 
passage of the internal combustion engine (1) 
so as to remove nitrogen oxides contained in 
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an exhaust g3s 3mitted from the engine; 
a variable valve control system (30, 31, 30a, 
31 a) capable of changing the opening and clos- 
ing timing and/or a lift of at least one of the in- 
5 take valve (28) and the exhaust valve (29) for 

said each cylinder of the engine; and 
a controller (20) configured to control the vari- 
able valve control system (30, 31 , 30a, 31a) to 
thereby control the exhaust gas to which the 
10 NOx catalyst (46) is exposed , such that the con- 

trolled exhaust gas is suitable for removing a 
selected gaseous component from the NOx 
catalyst when the selected gaseous compo- 
nent should be removed. 

15 

2. The apparatus according to claim 1 , characterized 
in that: 

the NOx catalyst comprises an occlusion-re- 
20 duction type NOx catalyst that occludes nitro- 

gen oxides contained in the exhaust gas when 
the exhaust gas to which the NOx catalyst is 
exposed has a lean air/fuel ratio, and releases 
and reduces the occluded nitrogen oxides 
25 when the exhaust gas to which the NOx catalyst 

is exposed has a stoichiometric or rich air/fuel 
ratio; and that 

the controller (20) controls the variable valve 
control system (30, 31, 30a, 31a) to thereby 

30 control the exhaust gas to which the NOx cat- 

alyst is exposed, such that the controlled ex- 
haust gas contains a reducing agent for reduc- 
ing the nitrogen oxides occluded in the occlu- 
sion-reduction type NOx catalyst, when the oc- 

35 eluded nitrogen oxides should be reduced. 

3. The apparatus according to claim 2, characterized 
in that the controller (20) controls the variable valve 
control system (30, 31, 30a, 31a) so that the ex- 

40 haust gas containing the reducing agent is emitted 
from at least one cylinder (21 ) selected from the plu- 
rality of cylinders of the engine. 

4. The apparatus according to claim 3, characterized 
45 in that the controller (20) controls the variable valve 

control system so that the exhaust gas containing 
the reducing agent is emitted from only one cylinder 
(21) selected from the plurality of cylinders of the 
engine. 

50 

5. The apparatus according to claim 3, wherein the 
controller (20) controls the variable valve control 
system so as to reduce an amount of intake air to 
be introduced into the selected at least one cylinder 

55 (21). 

6. The apparatus according to claim 3, characterized 
in that: 
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the internal combustion engine (1) further in- 
cludes a fuel injection valve (32) that is opera- 
ble to inject a fuel into each of the cylinders (21 ) 
of the engine or into a portion of an intake pas- 
sage (35) of the engine that is located upstream 5 
of each of the cylinders; and that 
the controller (20) controls the variable valve 
control system (30, 31, 30a, 31a) so as to re- 
duce an amount of intake air to be introduced 
into the selected at least one cylinder, and con- 10 
trols the fuel injection valve (32) so as to in- 
crease an amount of fuel to be injected into the 
selected at least one cylinder (21). 



7. The apparatus according to claim 3, characterized 
in that: 



8. 



The apparatus according to claim 7, characterized 
in that: 



The apparatus according to claim 7, characterized 
in that: 
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the controller (20) calculates a target amount 
of the reducing agent that is required for reduc- 
ing the nitrogen oxides occluded in the NOx cat- 20 
alyst, and calculates a target rich air/fuel ratio 
based on at least the target amount of the re- 
ducing agent; and that 

the controller (20) controls the variable valve 
control system so that a first selected cylinder 25 
that is selected from the plurality of the cylin- 
ders of the engine is operated once with an air- 
fuel mixture having the target rich air/fuel ratio. 



30 



the controller (20) calculates a required engine 
torque, and calculates a target intake air 
amount for each cylinder based on the required 35 
engine torque; and that 

the controller (20) determines the opening and 
closing timing of the intake valve of the first se- 
lected cylinder (21 ), based on the target intake 
air amount, and determines the opening and *o 
closing timing of the exhaust valve (29) of the 
first selected cylinder, based on the required 
engine torque. 



45 



the controller compares the target rich air/fuel 
ratio with a lower limit of the air/fuel ratio; and 
that 50 
when the target rich air/fuel ratio is lower than 
the lower limit, the controller (20) controls the 
variable valve control system so that at least 
one cylinder selected from the plurality of the 
cylinders of the engine is operated so as to pro- 55 
vide the target amount of the reducing agent. 

1 0. The apparatus according to claim 1 , characterized 



in that the controller (20) controls the variable valve 
control system (30, 31 , 30a, 31a) so as to advance 
the opening timing of the exhaust valve (29) of at 
least one cylinder (21 ) selected from the plurality of 
the cylinders of the engine. 

11. The apparatus according to claim 10, character- 
ized in that a selected one of the plurality of the 
cylinders of the internal combustion engine is a rich- 
burn operated cylinder that is operated with a fuel- 
rich air-fuel mixture, while the remaining cylinders 
are lean-burn operated cylinders that are operated 
with a fuel-lean air-fuel mixture, and that said at 
least one cylinder consists of the rich-burn operated 
cylinder. 

12. The apparatus according to claim 1 , characterized 
in that the controller (20) controls the variable valve 
control system (30, 31 , 30a, 31 a) so as to retard the 
opening timing of the exhaust valve (29) of at least 
one cylinder (21) selected from the plurality of the 
cylinders of the engine. 

13. The apparatus according to claim 12, character- 
ized in that a selected one of the plurality of the 
cylinders of the internal combustion engine is a rich- 
burn operated cylinder that is operated with a fuel- 
rich air-fuel mixture, while the remaining cylinders 
are lean-burn operated cylinders that are operated 
with a fuel-lean air-fuel mixture, and that said at 
least one cylinder consists of one of the remaining 
cylinders that is placed in an exhaust stroke when 
the rich-burn operated cylinder is placed in the ex- 
pansion stroke. 

14. The apparatus according to claim 2, characterized 
in that: 

a selected one of the plurality of the cylinders 
(21) of the internal combustion engine is a rich- 
burn operated cylinder that is operated with a 
fuel-rich air-fuel mixture, while the remaining 
cylinders are lean-burn operated cylinders that 
are operated with a fuel-lean air-fuel mixture; 
and 

the controller (20) calculates a target output 
torque to be produced by each cylinder, based 
on a required engine torque, and determines 
the opening and closing timing of the exhaust 
valve (29) of the rich-burn operated cylinder so 
that an estimated output torque that is sup- 
posed to be produced by the rich-burn operated 
cylinder is reduced down to the target output 
torque, the estimated output torque being esti- 
mated based on a target air/fuel ratio and a tar- 
get intake air amount for the rich-burn operated 
cylinder, which are calculated based on a target 
amount of the reducing agent that is required 
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for reducing a total amount of NOx that is dis- 
charged from all of the lean-burn operated cyl- 
inders. 

15. The apparatus according to claim 2, characterized 
in that the reducing agent is selected from hydro- 
carbon (HC), hydrogen (H 2 ) and carbon monoxide 
(CO). 

16. The apparatus according to claim 2, characterized 
in that: 



# 
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at least one of the plurality of the cylinders (21 ) 
of the internal combustion engine is a rich-burn 
operated cylinder that is operated with a fuel- 15 
rich air-fuel mixture; and that 
when the NOx catalyst is desired to recover an 
original NOx occluding capability, the controller 
controls the variable valve control system so as 
to advance the opening timing of the exhaust 20 
valve of the rich-burn operated cylinder so that 
a gas containing hydrogen (H 2 ) is emitted from 
the rich-burn operated cylinder. 

17. The apparatus according to claim 2, characterized 25 
in that: 

at least one of the plurality of the cylinders (29) 
of the internal combustion engine is a rich-burn 
operated cylinder that is operated with a fuel- 30 
rich air-fuel mixture; and 
when the NOx catalyst is desired to recover an 
original NOx occluding capability, the controller 
(20) controls the variable valve control system 
so as to retard the opening timing of the exhaust 35 
valve of the rich-burn operated cylinder so that 
a gas containing carbon monoxide (CO) is emit- 
ted from the rich-burn operated cylinder. 



19. The apparatus according to claim 1 , characterized 
in that the controller (20) controls the variable valve 
control system to thereby control the exhaust gas 
to which the NOx catalyst is exposed, such that the 
controlled exhaust gas is suitable for removing a 
sulfur component from the NOx catalyst when SOx 
poisoning of the NOx catalyst should be eliminated. 

20. The apparatus according to claim 19, character- 
ized in that the controller (20) controls the variable 
valve control system so that the NOx catalyst is ex- 
posed to a high-temperature fuel-rich atmosphere 
as the controlled exhaust gas. 

21. The apparatus according to claim 20, character- 
ized in that the controller (20) controls the variable 
valve control system to advance the opening timing 
of the exhaust valve of each of the plurality of the 
cylinders of the engine. 

22. The apparatus according to claim 20, character- 
ized in that the controller calculates a required 
torque of the internal combustion engine, and de- 
termines the opening and closing timing of the in- 
take valve and the exhaust valve of each of the cyl- 
inders of the engine, so as to provide the high-tem- 
perature fuel-rich atmosphere as the controlled ex- 
haust gas while producing the required torque of the 
engine. 

23. The apparatus according to any one of claims 1-22, 
characterized in that the controller (20) controls 
the variable valve control system so as not to cause 
a variation in an output torque of the internal com- 
bustion engine when the controlled exhaust gas 
suitable for removing the selected gaseous compo- 
nent from the NOx catalyst is fed to the NOx cata- 
lyst. 



18. The apparatus according to claim 2, characterized 
in that: 

at least one of the plurality of the cylinders (21) 
of the internal combustion engine is a rich-burn 
operated cylinder that is operated with a fuel- 
rich air-fuel mixture; and that 
when the NOx catalyst is desired to recover an 
original NOx occluding capability, the controller 
(20) advances the opening timing of the ex- 
haust valve of the rich-burn operated cylinder 
if a revolving speed of the engine is equal to or 
greater than a predetermined speed or an en- 
gine load is equal to or greater than a predeter- 
mined value, and the controller retards the 
opening timing of the exhaust valve of the rich- 
burn operated cylinder if the revolving speed is 
less than the predetermined speed and the en- 
gine load is less than the predetermined value. 



40 24. The apparatus according to any one of claims 1 -23, 
characterized in that the variable valve control 
system (30, 31, 30a, 31a) comprises an electro- 
magnetic valve drive mechanism (30, 31) provided 
for each of the intake valve (28) and the exhaust 

45 valve (29) of each of the plurality of cylinders (21) 
of the engine, the electromagnetic valve drive 
mechanism being capable of changing the opening 
and closing timing and/or the lift of a corresponding 
one of the intake and exhaust valves by means of 

50 an electromagnetic force. 

25. An apparatus, comprising: 



an internal combustion engine (1) of a lean- 
55 burn type capable of burning an oxygen-rich 

air-fuel mixture, the internal combustion engine 
including an intake valve (28) and an exhaust 
valve (29) for each of a plurality of cylinders (21 ) 



27 



53 



EP 1 136 682 A2 



thereof; 

an NOx catalyst (46) disposed in an exhaust 
passage (47) of the internal combustion en- 
gine; 

a variable valve control system (30, 31, 30a, 
31a) capable of changing the opening and clos- 
ing timing of the exhaust valve (29) for said 
each cylinder of the engine; and 
a controller (20) configured to control the vari- 
able valve control system so as to place the ex- 
haust valve in an open position before a mo- 
ment of initiation of an exhaust stroke of a cor- 
responding one of the cylinders, when an ex- 
haust gas emitted from the corresponding cyl- 
inder is desired to contain a reducing compo- 
nent for reducing NOx. 



28. The apparatus according to claim 25, character- 
ized in that the exhaust valve (29) is opened before 
a moment of injection of a fuel into the correspond- 
ing cylinder. 



29. 



30. 



31. 



32. 



33. 



The apparatus according to claim 28, character- 
ized in that the exhaust valve (29) is closed during 
the injection of the fuel. 



The apparatus according to claim 31, character- 
ized in that the exhaust valve (29) is closed after 
the injection of the fuel. 

The apparatus according to claim 25, character- 
ized in that a fuel is temporarily injected into the 
corresponding cylinder (21) and the exhaust valve 
(29) is temporarily opened after a moment of termi- 
nation of an intake stroke and before the moment 
of initiation of the exhaust stroke. 



10 
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26. The apparatus according to claim 25, character- 
ized in that the exhaust valve (29) is opened after 
a moment of injection of a fuel into the correspond- 20 
ing cylinder (21). 



27. The apparatus according to claim 26, character- 
ized in that the exhaust valve (29) is placed in the 
open position before a moment of ignition of an air- 
fuel mixture by a spark plug in the corresponding 
cylinder. 



25 



30 



35 



The apparatus according to claim 28, character- 
ized in that the exhaust valve (29) is closed after 
the injection of the fuel. 40 

The apparatus according to claim 25, character- 
ized in that the exhaust valve (29) is opened during 
injection of a fuel into the corresponding cylinder. 
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(30, 31, 30a, 3faTcomprises an electromagnetic 
valve drive mechanism (30, 31 ) provided for the ex- 
haust valve of each of the plurality of cylinders of 
the engine, the electromagnetic valve drive mech- 
anism being capable of changing the opening and 
closing timing of the exhaust valve by means of an 
electromagnetic force. 

35. A method of controlling an exhaust gas emitted from 
an internal combustion engine (1) of a lean-burn 
type having a variable valve control system (30, 31 , 
30a, 31a), the internal combustion engine including 
an intake valve (28) and an exhaust valve (29) for 
each of a plurality of cylinders (21 ) thereof, the var- 
iable valve control system being capable of chang- 
ing the opening and closing timing and/or a lift of at 
least one of the intake valve and the exhaust valve 
for said each cylinder of the engine, comprising the 
steps of: 

placing an NOx catalyst (46) in an exhaust pas- 
sage of the internal combustion engine (1) so 
as to remove nitrogen oxides contained in the 
exhaust gas emitted from the engine; and 
controlling the variable valve control system 
(30, 31, 30a, 31a) to thereby control the ex- 
haust gas to which the NOx catalyst is exposed, 
such that the controlled exhaust gas is suitable 
for removing a selected gaseous component 
from the NOx catalyst when the selected gas- 
eous component should be removed. 

36. A method of controlling an exhaust gas emitted from 
an internal combustion engine (1) of a lean-burn 
type having a variable valve control system (30, 31 , 
30a, 31a), the internal combustion engine including 
an intake valve (28) and an exhaust valve (29) for 
each of a plurality of cylinders thereof, the variable 
valve control system being capable of changing the 
opening and closing timing of the exhaust valve for 
said each cylinder of the engine, comprising the 
steps of: 

placing an NOx catalyst (46) in an exhaust pas- 
sage of the internal combustion engine (1 ); and 
controlling the variable valve control system 
(30, 31, 30a, 31a) so as to place the exhaust 
valve in an open position before a moment of 
initiation of an exhaust stroke of a correspond- 
ing one of the cylinders, when an exhaust gas 
emitted from the corresponding cylinder is de- 
sired to contain a reducing component for re- 
ducing NOx. 
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34. The apparatus according to any one of claims 
25-33, wherein the variable valve control system 
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FIG. 5 
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FIG. 14 
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